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Abstract
HidroAysen, a Chilean corporation operated by energy giant Endesa, has proposed to build two
hydroelectric dams on the Rio Baker in the Aysin Region of Chilean Patagonia. The proposed
dams have been met with a variety of opposition and support from various parties throughout
the world. Opponents of the dams argue that dam installation is unwise environmentally and
socially; supporters argue that it is necessary to meet growing energy demand in Chile.
The history of large dams has shown that newly installed impoundments alter the water quality
of the original riverine system. Often temperatures, dissolved oxygen levels, and sediment
loads in the reservoir and outflowing water are entirely different from those in the original free-
flowing river; these differences alter aquatic ecology. With this in mind, this study employed
surface-water modeling and hand calculations to forecast water quality in the reservoir that
would be formed by the northernmost dam on the Rio Baker. Coupling IntroGLLVHT, a
hydrodynamic and transport model, with a sedimentation analysis developed by Brune (1953),
provides the basis for estimating water quality and sediment load changes due to dam
construction.
By and large, IntroGLLVHT simulations indicate that water quality in the resulting reservoir
system will likely be similar to that of the original riverine system. Short hydraulic residence
time and low nutrient loading facilitate this result. Conversely, sediment computations indicate
that sedimentation and erosion issues are likely for the future dam-and-reservoir system. The
dam will trap incoming sediment and thereby discharge low-sediment, erosive water. Ecology
in the immediately surrounding region will likely have the benefit of unchanged water quality,
yet will likely experience change as sedimentation and erosion in the newly-formed aquatic
system will differ from that in the original system.
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Introduction to the Rio Baker Dam Controversy
"It is evident that the fortunes of the world's human population, for better or for
worse, are inextricably interrelated with the use that is made of energy resources."
M. King Hubbert, Resources and Man, 1969
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Chile
General Profile
Chile is a South American country flanked by Argentina and Bolivia to the east, Peru to the
north, and the Pacific Ocean to the west (Figure 1). With a total area of 757,000 square kilometers,
Chile is approximately twice the size of Montana. Because of its unique geography, spanning
from approximately -180 to -56' latitude, Chile's climate varies greatly. Generally temperate, the
climate can be characterized as desert in the north, Mediterranean in the center, and cool and
damp in the south (CIA, 2008). Chile's terrain is as varied as its climate with a combination of
low coastal mountains, a fertile central valley, and rugged eastern Andes.
Region Name
XV Arica and Parinacota
I Tarapac6
II Antofagasta
III Atacama
IV Coquimbo
V Valparaiso
RM Santiago
VI O'Higgins
VII Maule
VIII Biobio
IX Araucania
XIV Los Rios
X Los Lagos
XI Ays6n
XII Magallanes
Figure 1: Map of Chile (left) and its named regions (right) (CIA, 2008).
Chile is divided into 15 administrative regions that are numbered with Roman numerals and
also named (see Figure 1). When referring to different areas in the country, region names are
normally used.
Agriculture is a significant part of Chile's natural resource base with approximately 3% of the
nation in arable and permanent cropland (WRI, 2006) that employs 13.2% of the nation's labor
force (CIA, 2008). The remaining labor force derives from industry (23%) and services (63.9%)
(CIA, 2008). The majority of industry in Chile is based on the mining of copper, lead and gold,
with copper being Chile's most important product in 1992 sharing 6.7% in the country's GDP
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(Hudson, 1994). While based in mining, Chilean industry also includes textiles, nonelectrical
machinery, transportation equipment, and industrial chemicals (Hudson, 1994).
Energy Profile
Major natural resources in Chile include copper, timber, iron ore, nitrates, precious metals,
molybdenum, and hydropower (CIA, 2008). Historically, hydropower has been Chile's single
largest power source (EIA, 2008) (see Figure 2). The country is endowed with ample
hydropower resources and has an extensive power network formed primarily by hydroelectric
plants (Hudson, 1994).
E Hydroelectricity m Conventional Thermal U Other Renewables
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Figure 2: Chile's energy generation by source, 1984 - 2006 (EIA, 2008).
A series of droughts in the 1980s prompted the Chilean government to diversify into natural
gas-fired power plants (EIA, 2008). Since Chile has no natural gas resources of its own, the
country fueled the plants with natural gas imports from other nations, with Argentina being
Chile's main supplier (EIA, 2008). In the last five years, the flow of Argentine natural gas to
Chile has been significantly disrupted with flows some 20 to 50% below contracted volumes
(EIA, 2008). As a result, the cost of electricity in Chile has risen sharply (MercoPress, 2008).
To address the unpredictability in natural gas supply, the Chilean government has begun to
explore the option of expanding the nation's hydroelectric capacity (MercoPress, 2008). One
project, the installation of five hydroelectric dams in the Aysin Region, is the focus of this thesis.
Proposed Dams
In February 2008, Edmundo Perez-Yoma, Chile's Minister of the Interior, announced "What we
have is water and we need to take advantage of it. We ought, with as much energy possible, to
push forward with construction of the HidroAysin reservoir system" (Patagonia Times, 2008).
The "construction of the HidroAysin reservoir system" that Perez-Yoma refers to is a proposed
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five-dam project calling for the installation of two hydroelectric dams on the Rio Baker and
three on the Rio Pascua; both of which are located in the Aysin Region. The 2,750-megawatt,
US$4 billion scheme is proposed by Spanish energy giant Endesa, Italian utility Enel, and
Chilean firm Colbun (Moss, 2008).
In addition to the dams themselves, the HidroAysin reservoir system project would require the
construction of high voltage transmission lines. Once constructed, these lines would transport
electricity northward from the dams to Santiago and its surrounding industry. Construction of
the lines would require clear-cutting a 92-meter-wide swath from the dam site to Santiago,
some 2,240 kilometers north of the site (International Rivers, 2009a).
Supporting Arguments
Proponents of the HidroAysin reservoir system state that installing the hydroelectric plants
would help Chile meet its energy needs. At 2,750 MW, the project would provide
approximately 20% of Chile's current energy demand (Patagonia Times, 2008). Further,
"electricity demand in Chile has grown on average by 6 to 7% annually, suggesting a need...
[for] 700 additional megawatt-hours per year" (Coronado, 2007). In addition to satisfying
energy demand, installing the HidroAysin reservoir system would bring Chile closer to
attaining energy independence by reducing its reliance on international natural gas.
In the current world-wide economic downturn, unemployment is an important issue for every
country. Proponents argue that installing the HidroAysin reservoir system would be a boon to
the regional job market as many would-be employment opportunities surround the project
(Fuentes, 2009). The construction of the dams would require a host of workers to address the
multitude of construction tasks necessary to complete the project. Proponents argue that job
creation would spread through the areas surrounding the dam sites as workers would employ
town services and purchase town goods in their time off (Fuentes, 2009).
With a population density of only 0.8 inhabitants per square kilometer (FIC, no date), the Aysin
Region is sparsely developed. The largest city in the region is its capital, Coyhaique, which has
fewer than 50,000 inhabitants (Municipality of Coyhaique, 2002). With so few people, the region
has limited public infrastructure. For example, internet in Puerto Bertrand can be attained only
by private satellite at a price of over $US500 per month (Leidich, 2009). Proponents of the dams
claim that the HidroAysin reservoir system project would rectify this issue as it would
encourage infrastructure growth (Fuentes, 2009).
Opposing Arguments
Opponents of the HidroAysen reservoir system project cite a host of negative environmental
implications as their main opposition to the project. Decreased water quality, increased
greenhouse gas emission, and displacement of endangered/endemic species are only some of
the negative environmental effects that opponents expect to stem from the project. Moreover,
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opponents claim that HidroAysen's environmental impact assessment (EIS) of the project is
"severely flawed" as it examines only cursorily hydrological risks, soil impacts, seismic risks,
social impacts, fauna/flora impacts, and tourism effects (International Rivers, 2009b). The reader
is referred to Chapter 3 for further discussion of the environmental impacts of dams.
According to STERNATUR, Chile's national tourism service, the project's damage to the
region's image for tourism would be considerable (International Rivers, 2009a). Opponents of
the proposed dams cite this opinion as a major opposition point. EcoTourism in Chilean
Patagonia is a major economic staple in the region. Tourism agencies, such as Patagonia
Adventure Expeditions, Fundo Los Leones, Expediciones Chile, and many others, rely on a yearly
influx of tourists to maintain their business. Further, these outfitters serve as a source of income
for the local Patagonians they employ. Opposition groups, like Patagonia Chilena Sin Represas!,
claim that the transmission lines will also negatively affect tourism as the lines will "ruin
beauty...and totally destroy the sentiment that is important in [Patagonian] life" (Roderigo and
Orrego, 2009).
Opponents argue that a host of social problems will develop with the coming of the dams.
Opponents predict that the negative social effects of the HidroAysen reservoir system will be
similar to those produced by other large-scale developments in the region. For instance, Chile
Chico, a small town in the AysinRegion, experienced greatly increased rates of prostitution,
gambling, and alcoholism upon the installation of a large gold mine outside of the town (Ruiz,
2009). Further, opponents state that the dam project will cause Patagonians to "forget
themselves." Roderigo and Orrego (2009), directors of the largest opposition group in Chile,
Patagonia Chilena Sin Represas!, state that "the installation of the hydroelectric dams...represents
a threat to...life and local cultural identity."
Of course this is only a summary of the arguments for and against the HidroAysen reservoir
system. Both supporters and opponents maintain an astonishingly wide array of reasons why
dam installation should and should not proceed.
Conclusion
The energy situation in Chile is undeniable: rapidly growing energy demand indicates that the
country must increase energy output. Whether or not the hydroelectric dams are the solution to
Chile's energy needs is a question that can be answered only in time. Until then however, it is
important that opposing and supporting parties engage in a thorough discussion of alternatives
and impacts. As the possible future home to the dams, the Aysin Region would likely
experience the most marked of impacts to all Chile's regions; as such, the region should receive
special consideration in the dam debate.
-16-
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Purpose of Study
"Water is the driver of nature."
Leonardo da Vinci, 1501
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Purpose
To preface the next chapter, dams and their associated reservoirs can modify the physical,
chemical, and biological characteristics of the free-flowing aquatic ecosystem (Braatne et al.,
2008). The magnitude of the modification to water quality is related to the type of reservoir and
to the design and operation of the impoundment (McCartney, 2001). Changes in water quality
affect water temperature, nutrient concentration, dissolved gases, and metal/mineral
concentration which, in turn, impact the natural processes and native biota (McCully, 2001).
Because the effects of dams are so varied in scope and extent, it is prudent to examine
scientifically the HidroAysin reservoir system prior to its installation.
Previous Studies
There have been few scientifically-based environmental studies of the proposed HidroAysen
reservoir system. The major work addressing the wide range of potential environmental
impacts of the proposed dams is published by the project's sponsoring company, HidroAysin.
This document, the EIS, consists of nine chapters that explain the different areas studied by
HidroAysin (see Table 1).
Table 1: Outline of the HidroAysin Environmental Impact Assessment (HidroAysin, 2008).
Chapter Title
1 Project Description
2 Compliance Plan Applicable to Environmental Legislation
3 Analysis of Environmental Impacts
4 Baseline Environmental Characterization
5 Identification and Assessment of Impacts
6 Environmental Management Plan and Measures
7 Environmental Monitoring Plan
8 Civic Participation
9 Summary of Environmental Impacts
The fourth and fifth chapters of the EIS are most relevant to this thesis as they contain a detailed
discussion of the present environmental situation in the region and the expected impacts and
their rankings as based on "character and magnitude" (HidroAysin, 2008). Although
HidroAysin's EIS draws upon many sources and years of data, International Rivers (2009b) has
voiced the opinion that the study is deficient with respect to particular risks (see
Opposing Arguments in Chapter 1). Further, one can suspect that the method employed to rank
the importance of the various impacts is biased in favor of dam development because the
sponsoring company conducted the assessment itself.
Additional studies, though limited in scope and access, have been conducted by anti-dam
activist groups, the Universidad Cat61ica de Chile, and various public and private groups. For
example, Strittholt (2008) of the US-based Conservation Biology Institute in Oregon published a
study titled "Potential Ecological Impacts from Proposed Hydroelectric Projects on the Baker
and Pascua Rivers in the Aisen Region of Patagonia, Chile." Likewise, Ecosistemas, a
18-
multidisciplinary group of professionals against the dams, published a study titled "Status of
Forestry and Biodiversity in the Aysen Region" in 2005. The first study focuses on the potential
impacts of the reservoir system to regional conservation; the second discusses regional forest
ecosystems and proposes actions to preserve biodiversity.
Objective
Given that dams inherently affect aquatic conditions in impounded river systems and
connecting water bodies, it is clear that the potential environmental impacts of the proposed
HidroAysin reservoir system warrant scientific analysis and study. The current lack of
scientifically-based publicly-available studies by disinterested parties deepens the need for
careful scientific analysis. With this in mind, the objective of this thesis is to model and assess
water quality in the future reservoir behind Baker 1. This thesis aims to assess three key water
quality indicators, temperature, dissolved oxygen, and sedimentation, as they behave within
the reservoir formed by Baker 1.
- 19 -
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Environmental Impacts of Dams
"We're all downstream."
William McDonough, Cradle to Cradle, 2002
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Overview
Damming is one of the most prominent human impacts on natural river ecosystems worldwide
(Graf, 1999). Dams interrupt the pattern of flow to a river that, as a result, has its discharges,
sediment loads, organic loads, and water quality determined by releases from the reservoir
(Petts, 1984). According to McCully (2001), most impacts of river engineering are extremely
difficult, and often impossible, to predict with certainty. Damming rivers alters freshwater
delivery and causes dramatic biological and ecological changes that extend far beyond the dam
site and into the future (Strittholt, 2008). Most studies that are available in this domain are based
on short-term evaluations of temperate watersheds (McCully, 2001); a very narrow range of
situations that excludes long-term effects, tropical effects, and other issues. The uniqueness of
all riverine systems furthers the difficulty of accurate impact prediction (McCully, 2001).
Aspects such as landscape, dam operating scheme, ecosystem species, meteorological
conditions, and topography, vary greatly among systems; each combination of these factors
warrants individual study.
River damming and the resulting reservoir create a complex web of impacts that affect the
biological, chemical, physical, and human components of the environment (Petts, 1984). From
greatly reduced sardine catches off the coast of Egypt (McCully, 2001; Petts, 1984) to the high
saline content of the U.S.'s Colorado River (McCully, 2001), consequences of dam installation
are wide-ranging and far reaching. In light of the vastly complex and diverse nature of possible
impacts, McCully (2001) proposes a simple system for characterizing environmental impacts of
dams into two categories. First, are impacts due to the existence of the dam and its reservoir;
second, are impacts due to the pattern of dam operation (McCully, 2001). These main categories
are further divided into sub-categories (Table 2).
Table 2: Outline of Environmental Impacts of Dams (McCully, 2001)
The Main Environmental Impacts of Dams
A. Impacts due to existence of dam and reservoir
1. Upstream change from river valley to reservoir
2. Changes in downstream morphology due to altered sediment load.
3. Changes in downstream water quality: effects on river temperature, nutrient load, turbidity,
dissolved gasses, concentration of heavy metals and minerals
4. Reduction of biodiversity due to the blocking of the movement of organisms and because of
changes 1, 2, and 3 above
B. Impacts due to pattern of dam operation
1. Changes in downstream hydrology
i Change in total flows
ii Change in seasonal timing of flows
iii Short-term fluctuations in flows
iv Change in extreme high and low flows
2. Changes in downstream morphology caused by altered flow pattern
3. Changes in downstream water quality caused by altered flow pattern
4. Reduced riverine/riparian/floodplain habitat diversity, especially because of flood elimination
-21-
In addition to McCully's (2001) classification scheme, McCartney et al. (2000) characterize
ecosystem effects of dams into a hierarchical taxonomy that delineates effects according to
impact order (Figure 3). McCartney et al. (2000) base their taxonomy on Petts's original
framework for the examination of impounded rivers (Petts, 1984).
Figure 3: Hierarchy of ecological impacts of dams (McCartney et al, 2000)
This hierarchical framework provides perspective on the complexity and time scale along which
impacts can be expected to occur (Petts, 1984). According to Petts (1984) and McCartney et al
(2000), impacts can be viewed in light of their order. First-order impacts occur immediately after
dam closure and change the energy and material transfer to and within the river. Resulting
directly from first-order impacts, second-order impacts, which occur over a period of one to
one-hundred years, embody changes in channel structure and riverine conditions. Third-order
impacts, which reflect all previous impacts and occur at a time lag to those impacts, embody the
adjustments and readjustments of riverine species. As Figure 3 shows, upstream and
downstream water quality effects of dams are of the first order and are extremely important in
the forecasting of ecological impacts of dam installation. Impacts to the Rio Baker are likely to
follow the hierarchy proposed by McCartney et al. (2001).
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Hydrologic Changes
The major hydrological impact of dams is to impose on the river an unnatural pattern of flow
variation (McCully, 2001). The nature of the impacts to any river due to dam installation will
depend on the design, purpose, and operating scheme of the dam and the geometry of the
reservoir (McCully, 2001). Operation schemes of dams cause redistribution in the time of
discharge (Petts, 1984). Other characteristics, such as storage capacity, basin morphometry, and
spillwater features further modify outflows (Thornton et al., 1990). Petts (1984) characterizes
these factors in a flow chart of flow-regime changes (Figure 4).
River Inflows
Operational Basin Morphometry
Procedures Spillwater I
I Characteristics SedimentationOutlet Type Storage Capacity
Surface Area
Abstractions,Pulse-releases Compensation Flows Hydrograph attenuation Flood absorbtion spag and vap.seepage, and evap.
Increased Flow Low Flows Increased Reduced Seasonal Variability Reduced Mean Annual
Fluctuations High Flows Reduced and Altered Timing of Extremes Runoff and Flood Frequency
Hours ) Years
Figure 4: Factors affecting hydrologic characteristics of dammed rivers (Petts, 1984)
In addition to Petts' flow chart, McCully (2001) characterizes important hydrological changes
into three categories: flow pattern changes, estuarine impacts, and floodplain isolation.
Stegner (1992) states that "a dammed river is not only stoppered like a bathtub, but it is turned
on and off like a tap." Flow regime changes are twofold. First, they become unnatural-flows
are dictated by reservoir operating schemes. Truly man-made rivers are created: natural
fluctuations in water temperature, sediment load, and flow are no longer correlated with their
natural precursors of season, erosion, and precipitation (Petts, 1984). Second, they become
season-independent -hydroelectric dam outflow rates are dominated by power demand, not by
natural processes. After dam installation, the Rio Baker's natural flow cycle will be different
depending largely on the level from which reservoir water is released.
Ecological Effects
Nutrients carried to sea by a river are often a major source of food for lower-level species (e.g.
plankton) that nourish coastal fish. Once a river has been dammed, the flow of nutrients to the
continental shelf is disrupted therefore changing the downstream biological cycle (McCully,
2001), beginning with the estuary and continuing out to sea. In the case of the Rio Baker, it is
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possible that this will have significant impact on the coastal community of Tortel and any
fishing industry that relies on coastal catches in the area.
According to McCully (2001), the single most ecologically damaging impact of dam installation
is the separation of a river from its floodplain. Changing a "floodplain river" into a "reservoir
river" permanently interrupts the watershed's natural flooding and drying cycle, isolates
species living up and downstream of the reservoir, and cutting off species migrations (McCully,
2001). Furthermore, species diversity almost always decreases upon installation of a reservoir
(Petts, 1984). Species that are adapted to riverine life and valley bottom habitats often cannot
survive in stilled reservoir waters nor along reservoir edges (McCully, 2001). For the Rio Baker,
this is the case: installing two dams on the Baker will most definitely fragment the river from its
floodplain.
Morphological Changes
Sediment transport and deposition in a reservoir are processes that greatly influence the
ecological response of the system (Thornton et al., 1990). When a river is dammed, the sediments
that the river erodes from upstream soils and rocks get trapped in the reservoir. As a result the
released water is said to be "hungry" as it lacks its normal sediment load (McCully, 2001). In
order to recapture its natural load level, the flowing water erodes the downstream river bed and
banks. Eventually the riverbed is said to be "armored" with only tough rocks remaining after
erodable material has been removed (McCully, 2001).
Hungry rivers create two main problems: hungry plains and hungry coasts. Hungry plains
result from the decrease in sediment deposition to deltaic regions. McCully (2001) points to the
rapidly retreating delta regions of the Nile and Mississippi Rivers as examples of areas that lose
land every year on account of decreased sediment deposition. Hungry coastlines suffer greatly
increased erosion as a consequence of not being replenished by incoming sediment. For
example, disappearing beaches north of San Diego, California have led to cliff collapses.
Where hungry rivers are formed so too are "full reservoirs." As soon as a dam is closed,
sedimentation begins as sediment gets trapped within the storage volume of the reservoir. As a
consequence, downstream water quality alters, storage capacity decreases, and flood-peak
attenuation decreases (Petts, 1984). Progressive hydrologic changes are typical of small scale
reservoirs with catchments of high erosion rates and are generally insignificant (on the order of
0.01%) for large-capacity or hard-rock well-vegetated catchments (Petts, 1984). Nevertheless,
every reservoir loses some capacity to sedimentation, which remains the single most important
technical problem faced by the dam industry (McCully, 2001). Although Baker 1 will form a
large reservoir, modeling is necessary to elucidate the importance of sedimentation in the Rio
Baker.
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Water Quality Changes
Movement of matter within a water body results from complex, inter-dependent physical
transport mechanisms that influence the environment in which aquatic organisms live (see
Figure 5) (Thornton et al., 1990). According to McCully (2001), the chemical, thermal, and
physical changes that flowing water undergoes when it is stilled can seriously contaminate a
reservoir and the river downstream. Creating a reservoir induces physical, chemical and
biological changes in the incoming water and water released from dams can be altogether
different from that of the natural river (Petts, 1984). Although water quality alterations will be
likely less severe for the Rio Baker and its reservoirs than for a warmer-climate river (Strittholt,
2008), it is expected that temperature, dissolved oxygen, eutrophication, and sedimentation
effects will be significant in the system.
River Discharge Ouality
Figure 5: Factors affecting water quality of dammed reservoirs (Petts, 1984)
Water temperature changes are inevitable when dams are installed. Like flow rates, water
temperature varies throughout the year. As a result of retention behind a dam however, water
temperature almost always alters from its natural cycle (McCully, 2001). A river has a relatively
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small volume of water in any cross section and therefore experiences turbulent mixing and high
exposure of river water to the atmosphere. In contrast, a reservoir contains a large mass of
relatively still water with only its uppermost surface exposed to meteorological conditions. As a
result of these differences between river and reservoir, a man-made lake experiences heat
storage (Petts, 1984). This fact, combined with prevailing meteorological conditions, commonly
results in a stratified reservoir, with cooler, denser water in the deep hypolimnion and warmer
less-dense water in the surface epilimnion (Petts, 1984; Thornton et al., 1990) (Figure 6).
Epilimnion
Met alimnion TH-ER1fO CLINE
Hypolimnion
Temr eratie
Figure 6: General characteristics of lake stratification (Petts, 1984).
Factors capable of generating reservoir stratification are particularly important because water
temperature is an extremely useful parameter for predicting and assessing impacts to
downstream aquatic habitats (McCully, 2001). Water temperatures significantly influence the
physical, chemical, and biological processes occurring in any water body (Petts, 1984).
Temperature changes can disrupt the lifecycles of aquatic creatures as certain lifecycle
milestones, such as breeding, hatching, and metamorphosing, are often signaled by thermal
cues (McCully, 2001).
Water temperature downstream from Baker 1 will be dependent on the temperature of water
released from the dam which, in turn, depends on the presence or absence of thermal
stratification. Given the latitude, winter stratification in the reservoir is likely (Strittholt, 2008).
Within reservoirs, water movement is a significant player in water temperature as heat is
transported by eddy diffusion (Petts, 1984). Advective heat transfer and vertical mixing depend
on the level of outlets in the reservoir-a significant issue for exploration in the case of the Rio
Baker reservoir. Thermal stratification depends also on latitudinal and morphometric variation.
The reader is referred to Petts (1984) for further explanation.
Once thermal stratification is established in a reservoir, chemical stratification will follow (Petts,
1984). Changes in water chemistry vary as the reservoir stratifies and overturns (Petts, 1984).
Nutrient availability may decrease, and it is possible that reduced loads of nitrates, phosphates,
and other dissolved elements will effectively lower the primary productivity of the river (Petts,
1984).
Temperature also affects the distribution of dissolved oxygen in reservoirs (Thornton et al.,
1990): less oxygen can be carried in warmer water. Since warming or cooling river water affects
the amount of oxygen that can be dissolved, the amount of nutrients contained in the water also
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changes. This alters the rates and types of chemical reactions that occur in the water (McCully,
2001). Dissolved oxygen levels are a key indication of water quality as they dictate the ability of
organisms to prosper in an aquatic environment (Thornton et al., 1990).
Decomposing material in the bottom of a reservoir is another important disruptor to dissolved
oxygen levels. The decomposition of submerged vegetation can greatly alter dissolved oxygen
levels in the hypolimnion of a lake or reservoir (McCully, 2001). Rotting material can also lead
to the release to the atmosphere of greenhouse gasses throughout the lifecycle of the dam
(McCully, 2001). Further, bacteria degrading the submerged vegetation at the reservoir's bottom
convert harmless mercury naturally present in soil into toxic methylmercury (McCully, 2001).
However, the transformation of mercury into methylmercury is a very complex interplay
between rapid transformations, phase distributions, and transport vectors of the mercury
(USEPA, 2001) and cannot be predicted solely on the basis of an anoxic hypolimnion.
As a final point on reservoir water quality, installation of dams changes water evaporation from
its natural rate since reservoirs increase the surface area of water exposed to environmental
radiation. This fact is significant to water quality, as loss of water from a system can greatly
increase the salinity of remaining water (McCully, 2001). Since Baker 1 will flood over 710 ha of
land, it is expected that evaporation will be significant.
Conclusion
Symbols of economic advancement, dams are tools for harnessing one of nature's most precious
resources and for controlling hazards to human activity that rivers often pose (Petts, 1984).
Dams create many benefits for mankind: irrigation, flood control, navigation, fisheries, water
supply, and hydroelectric power are just some of the achievements for which humanity can
thank dams. As the literature shows, these far-reaching benefits are paired with equally far-
reaching impacts. Current trends show that society today chooses to develop and implement
"improved responsive approaches" for controlling impacts after dam construction rather than
participating in anticipatory planning and evaluation pre-construction (Petts, 1984).
Despite the knowledge contained in the literature, there is a lack of positive and productive
response to problems created by dams (Petts, 1984). This lack of response is due largely to poor
understanding and communication by those scientists, planners, and developers
knowledgeable about potential dam impacts (Petts, 1984; McCully, 2001). Petts (1984) points to
three levels of failure: failure to fully appreciate potential impacts, failure to demonstrate the
time scale necessary to see particular impacts, and failure to openly and convincingly
communicate findings to planners and politicians. In light of Petts claims, it is important for
constituents of the HidroAysin project to understand to the fullest extent possible the
implications that Baker 1 and Baker 2 pose to the Rio Baker watershed, the Aysin Region, Chile,
and beyond.
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Rio Baker Reservoir Assessment
"Water links us to our neighbor in a way more complex and profound than any other."
John Thorson, Indian Water Rights, 2003
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Introduction
To assess water quality in the future reservoir behind Baker 1, this study employed two
methods: water quality modeling and sedimentation analysis via Brune's method. Water
quality modeling is a powerful tool that is useful for estimating temperature distributions,
dissolved oxygen levels, and eutrophication rates in a body of water. Brune's method, on the
other hand, is a simple computation that estimates the potential for sedimentation in a reservoir.
Together, these two methods provide a framework for assessing the four water quality
indicators and their behavior in the Patagonian reservoir. Following is a discussion of these
methods and their applicability to the future reservoir behind Baker 1, preceded by a basic
characterization of the proposed dam.
Background
Rio Baker
The Rio Baker is 170 kilometers long. Its headwaters are located in Puerto Bertrand, a very small
town on the southernmost shore of Lake Bertrand, and its mouth is located at Tortel, a small
town located on the western fjords of the Aysin Region (see Figure 7). In Figure 7, it can be seen
that the Baker is fed by both lake outflow and glacial melt. The Northern Patagonian Ice Field,
visible on the left side of the satellite image in Figure 7 feeds the Colonia Glacier and Nef Glacier
whose melt, in turn, feeds the Baker.
Figure 7: Location of Aysin Region in Chile (left) and Rio Baker (right) (Google Earth, 2009).
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Flow on the Baker varies on an annual cycle, reaching a high in summer (February) and a low in
winter (August). The average flow rate on the river is quite high, approximately 560 m3/s; this is
likely one of the major reasons HidroAysin selected the Baker for possible dam installation.
Baker 1 Dam
According to construction documents by HidroAysin (2008) the northernmost dam on the
Baker, Baker 1, would be 102 meters tall. This dam height would create an inundated area of 710
ha (see Figure 8), and a reservoir volume of 173 billion cubic meters (HidroAysin, 2008). Owing
to these volumes and dam heights, the dam generators are expected to generate a total of 660
MW of power (HidroAysin, 2008).
cENTRAL
Figure 8: Expected inundation areas due to Baker 1 (HidroAysin, 2008).
Water Quality Modeling
Throughout the public, private, and academic sectors myriad water quality modeling programs
exist. The US Army Corps of Engineers commonly uses BATHTUB, CE-QUAL-W2, and TWQM
to evaluate eutrophication, hydrodynamic transport, and dissolved oxygen levels in reservoirs,
respectively (Dortch, 1997). Likewise, the US Environmental Protection Agency often uses
AQUATOX to predict the fate of various reservoir pollutants, and WASP7 to predict
eutrophication, mercury levels, and temperature variation in reservoirs (USEPA, 2007). This
brief discussion serves as only an introduction to water quality modeling; the number of
programs that exist for this purpose is essentially as many as the topics that can be studied.
IntroGLLVHT
The Introductory Generalized Longitudinal Lateral Vertical Hydrodynamic and Transport
(IntroGLLVHT) model was used to analyze the future reservoir. IntroGLLVHT is a "simplified
learning version" of the more complete and detailed Generalized Environmental Modeling
System for Surfacewaters (GEMSS) (Edinger, 2001). GEMSS has extensive application
experience and has been accepted by many regulatory agencies, including the EPA, the Bureau
of Reclamation, and the World Bank (ERM, 2006). For information regarding IntroGLLVHT's
relationship to GEMMS the reader is referred to Edinger (2001).
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As an introductory model, IntroGLLVHT was developed as software for teaching water-body
modeling techniques and problem solving (Edinger, 2001). The program has sufficient detail
and flexibility so that it may be used for a wide range of water quality problems and practical
applications (Edinger, 2001).
Capabilities
IntroGLLVHT is designed to simulate steady flow situations where inflows into a water body
equal the outflows (Edinger, 2001). IntroGLLVHT is applicable to all types of water bodies,
including rivers, lakes, reservoirs, and estuaries. The model is used in practice for many
purposes including:
* Rapidly assessing a water body problems,
* Determining sensitivity to grid detail and bathymetry,
* Determining sensitivity to different exterior parameters, and
* Determining the response to different input and output rates (Edinger, 2001).
IntroGLLVHT contains three water quality models that are coupled with the core
hydrodynamic and transport model (Edinger, 2001). In the assessment of the future reservoir
behind Baker 1 the temperature, salinity, and constituent model (TSC) and the dissolved- and
particulate-based eutrophication model (WQDPM) are used to assess temperature and
dissolved oxygen levels.
The purpose of the TSC model is to determine the effects of inflows, outflows, wind, and
density on circulation and residence time (Edinger, 2001). Through applying the TSC model, it
is possible to study the dilution of discharges, constituent distribution, and temperature
distribution within the reservoir The WQDPM model allows for the study of dissolved oxygen
levels by computing dissolved oxygen depression due to inflows of nitrogen, phosphorus,
biochemical oxygen demand, and other constituents.
Hydrodynamics and Transport
The hydrodynamic and transport relationships used in IntroGLLVHT are developed from
conservation of momentum, conservation of mass, constituent transport, and the equation of
state (Edinger, 2001). These four relationships result in a system of six unknowns in six
equations. IntroGLLVHT solves for the six unknowns (water velocities (u, v, and w)), surface
elevation (z'), water density (Q), and constituent concentration (Cn)) with implicit-forward-in-
time numerical integration of the horizontal momentum balances Equation 1 (Edinger, 2001).
The terms in Equation 1 have the following meanings: (a) is the instantaneous acceleration of a
fluid at a point, (b) is the convection acceleration, (c) is the Coriolis force, (d) is the horizontal
pressure force, (e) is the horizontal transport of momentum due to shear stresses, and (f) is the
vertical transport of momentum due to shear stresses. To solve the horizontal momentum
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balances numerically requires evaluation of the horizontal pressure gradients from the vertical
pressure distribution.
Ou u Ou + w = D 1 P 2 u d2ul + ( dU
-+±u-+v-+ w- = f---+Aj + + -
at ax ay Oz P Ox Ox 2 2 O
(a) (b) (c) (d) (e) (f)
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Equation 1: x-momentum (top) and y-momentum (bottom) balances (Shanahan, 1982).
where x, y are the horizontal direction components
z is the vertical direction component measured downward from the water surface
u, v, w are the fluid velocity components in the x-, y-, and z-directions, respectively
t is the time variable
f is the Coriolis parameter
P is the fluid pressure
Q is the fluid density
AH, Av are the horizontal and vertical eddy viscosities, respectively.
In IntroGLLVHT the vertical pressure distribution is assumed to be hydrostatic (i.e. vertical
acceleration, aw/ at, is small compared to gravitational acceleration) so the pressure at any
depth z is
1 OP
-. g
p Dz
Equation 2: Vertical pressure distribution (Shanahan, 1982).
where z is the free depth
Q is the water density
g is gravitational acceleration
P is the fluid pressure.
By combining Equation 1 with Equation 2, IntroGLLVHT can evaluate the x- and y-momentum
balances accounting for water surface slope, density gravity slope, and Coriolis acceleration.
Beyond the horizontal momentum balances, IntroGLLVHT uses two continuity relationships
(one for vertical velocity and one for water surface elevation), the constituent transport
relationship (n constituents with n concentrations Cn), and the equation of state (relating density
to constituent concentration) to solve the aforementioned system of six equations and six
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unknowns (Edinger, 2001). Solving this system assumes that the momentum coefficients (Ax, Ay,
and A,) and constituent dispersion coefficients (Dx, Dy, and Dz) can be evaluated from velocities
and density structure (Edinger, 2001).
After running the hydrodynamic and transport calculations to simulate these processes in the
water body, IntroGLLVHT is ready to calculate temperature distributions, dissolved oxygen
levels, and eutrophication in the water body.
Surface Heat Exchange
IntroGLLVHT uses the relationship between the coefficient of surface heat exchange, CSHE,
and the equilibrium temperature, Te, to calculate surface heat exchange within the water body
(Edinger, 2001).
The overall rate of surface heat exchange from a water body, IH-, is dependent on short-wave
solar radiation, long-wave solar radiation, back radiation from the water surface, evaporation
from the water surface, and conduction between air and water. IntroGLLVHT reduces the
number of terms to two, short-wave solar radiation, Hs, and evaporation from the water surface,
He, by assuming that conduction is an insignificant part of the net heat exchange and that short-
wave solar radiation and back radiation cancel (see Equation 3) (Edinger, 2001).
Hn = Hs - He
Equation 3: Net heat exchange as afunction of Hs and He (Edinger, 2001).
The evaporation term in Equation 3 is dependent on vapor pressure slope, dew point
temperature, and the evaporative wind speed function (Edinger, 2001). This dependence
though, can be translated into a dependence on the CSHE, dew point temperature, Td, and
water surface temperature, Tw, (see Equation 4).
Hn = Hs + CSHE*(Td - Tw)
Equation 4: Net heat exchange as afunction of Hs, CSHE, Td, and Tw (Edinger, 2001).
When the net radiation is set to zero, Teq, can be found:
Teq =  Hs
CSHE + Td
Equation 5: Equilibrium temperature of the water body (Edinger, 2001).
Equation 5 is known as the Brady approximation and it is solved through an iterative process
involving meteorological data on Hs, Td, and wind speed (Edinger, 2001). IntroGLLVHT runs
this iterative process until it calculates equilibrium temperature conditions in the water body.
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Dissolved- and Particulate-Based Eutrophication
WQDPM, the eutrophication model within IntroGLLVHT, estimates dissolved oxygen
depression and eutrophication in a water body by summing dissolved oxygen uptake and
dissolved oxygen production (Edinger, 2001). To do this, WQDPM incorporates eleven
constituents into the three-dimensional cycling of nutrients between phytoplankton and
constituents (see Table 3) (Edinger, 2001).
Table 3: The eleven constituents used in WQDPM (Edinger, 2001).
Constituent Units Summer Winter
CBODD mg/L 1.210 0.670
CBOD P mg/L 0 0
ON D mg/L 0.100 0.100
ON.P mg/L 0 0
OPD mg/L 0.020 0.020
OP P mg/L 0 0
NH3 mg/L 0.005 0.005
N03 mg/L 0.020 0.020
P04 mg/L 0 0
PHYT mg/L 0.005 0.005
DO mg/L 9.600 12.100
With these eleven constituents, WQDPM models fourteen different processes: photosynthesis,
respiration, mineralization, algal growth, algal death, nitrification, denitrification, excretion,
plankton grazing, plankton settling, oxidation, reaeration, sediment release, and sediment-
oxygen demand. Figure 9 provides a flow diagram of these processes.
Figure 9: Process flow diagram for WQDPM model (Edinger, 2001).
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By iterating through the processes shown in Figure 9, IntroGLLVHT calculates how each of the
eleven constituents behaves in the reservoir.
According to the USEPA (1990), models of eutrophication within a water body are driven by
three fundamental characteristics: impoundment morphometry, water budgets, and
phosphorous budgets, with the phosphorous budget providing the cornerstone for evaluating
eutrophication. USEPA (1990) provides a chart that can be used to estimate trophic conditions
in a reservoir as a function of total phosphorous concentration and residence time (see Figure
10).
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Figure 10: Trophic conditions as a function of hydraulic residence time and phosphorous concentration (USEPA, 1990).
Hydraulic Residence Time
The average time required to completely renew a reservoir's water volume is called the
hydraulic residence time; stated differently, on average water will remain in the reservoir for a
period of time known as the average hydraulic residence time (USEPA, 1990).
The hydraulic residence time, the characteristic that most influences the relative productivity
and water quality of natural lakes and reservoirs (USEPA, 1990), can be calculated as the
volume of the water body divided by the flow in the body (USEPA, 1990). Equation 6 shows the
formula for this calculation.
VRes
Q
Equation 6: Hydraulic residence time, z.
where VRes
Q
is the volume of the reservoir
is the average flow in the reservoir.
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Sedimentation Calculations
Traditionally sedimentation calculations are complex and time-intensive. Therefore, for the
purpose of this project sediment deposition in the future reservoir behind Baker 1 was
estimated through a series of hand calculations focusing on reservoir trap efficiency (via Brune's
method) and sediment load.
The trap efficiency of a reservoir, usually expressed in percent, is the proportion of the
inflowing sediment that gets trapped in the reservoir (Dendy, 1979). In other words, the trap
efficiency provides an estimate of the percent of incoming sediment load that will settle to the
bottom of the reservoir. Pairing trap efficiency with the incoming sediment load permits a
calculation of the sediment volume trapped per year, and, therefore, the reservoir water storage
capacity lost per year. Then, most importantly, the volume lost per year can be translated into a
timeline describing the reservoir's power-generating ability over its lifetime.
Brune's Method: Trap Efficiency
The trap efficiency of a reservoir depends on a number of factors including type of outlets, ratio
of storage capacity to inflow, age of the reservoir, shape of the reservoir basin, method of
operation, and sediment characteristics (Brune, 1953). Brune (1953) provides a method for
calculating reservoir trap efficiency based on three of these factors; namely reservoir capacity,
drainage area, and annual reservoir inflow (see Table 4).
Table 4: Brune's method for calculating trap efficiency of a reservoir (Brune, 1953).
Step 1: Calculate the capacity-watershed ratio (C/I)
C/I = reservoir capacity : watershed drainage area
Step 2: Calculate the capacity-inflow ratio (C/W)
C/W = capacity-watershed ratio: annual reservoir inflow
Step 3: Determine trap-efficiency with Brune's (1953) chart of
trap efficiency vs. capacity-inflow ratio
Step three in Brune's method requires the use of a chart in which a given capacity-inflow ratio
corresponds to a point on a trap efficiency curve (see Figure 11). This is an empirically-based
chart that Brune developed from a study of 44 reservoirs and their corresponding trap
efficiencies (Brune, 1953).
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Capacity-Inflow Ratio
Figure 11: Ttrap efficiency versus capacity-inflow ratio (Raghunath, 1982 after Brune, 1953).
Sediment Load
Reservoirs are capable of trapping suspended sediment and bed load, the sum of which is the
"trappable" sediment load to the reservoir. The values of suspended load and bed load to the
reservoir are calculated as the sum of the loads (suspended and bed) entering the reservoir from
the Baker, Nef, and Molino. Combining the total sediment load with the reservoir trap
efficiency permits a calculation of reservoir capacity lost per year (see Equation 7).
V= (t) CSedQin+Te BL
PSed PBL /
Equation 7: Equation for reservoir volume lost per year.
is the reservoir trap efficiency
is the time over which sediment accumulation is being computed
is the inflow to the reservoir
is the suspended sediment concentration of the inflowing water
is the suspended sediment density
is the inflowing bed load
is the bed load density.
Since bed load travels along the bottom of the reservoir, it is assumed that 100% of the load is
trapped by the dam; this is shown in Equation 7. The volume of capacity lost per year can be
translated into a yearly percentage loss by dividing volume lost per year by total reservoir
volume. This percentage can be translated into an estimate of the time after which the dam will
be completely full of sediment, by dividing 100 by the percent lost per year.
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where Te
t
Qin
Csed
Qsed
IBL
QBL
Conclusion
The capabilities of IntroGLLVHT and Brune's method are concurrent with the objectives of this
study. Modeling temperature, dissolved oxygen, and eutrophication in the future reservoir
behind Baker 1 allows for the study of fundamental water quality indicators in the body.
Further, estimating sedimentation helps predict how long the reservoir can operate effectively
without "sedimenting out." With these analyses is it possible for this thesis to be an informative
scientifically-based study that will positively contribute to the debate surrounding the dams.
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Input Parameters
"When one tugs at a single thing in nature, he finds it attached to the rest of the world."
John Muir, My First Summer in the Sierra, 1911
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IntroGLLVHT Requirements
In order to use IntroGLLVHT to conduct hydrodynamic and transport modeling in the future
reservoir behind Baker 1, the model requires a host of site-specific inputs (see Table 5). In
addition to these inputs, the dissolved- and particulate-based model, WDQPM, requires
additional inputs that represent the current river conditions (see Table 3 in Chapter 4).
Table 5: Outline of inputs required to run IntroGLLVHT (Edinger 2001).
I. Bathymetry
II. Inflows
A. Number
B. Rate
C. Location
III. Outflows
A. Number
B. Rate
C. Location
IV. External Parameters
A. Chdzy Coefficient
B. Wind speeds
C. Coefficient of surface heat exchange
D. Equilibrium temperature of surface heat exchange
E. Latitude of the water body
Given the remote and undeveloped nature of the Aysen Region, very few data specifying
meteorological conditions, river flows, and river water quality exist. The most extensive studies
that do exist are provided in HidroAysin's EIS or in studies posted on the company's website.
Alternate sources, though limited, include flow data from the Direcci6n General de Aguas
(DGA) (Chile's state body responsible for promoting the management and administration of
water resources), meterological data from the Aysin Regional Secretariat of Planning and
Coordination, ecological data from Ecosistemas, and digital topography maps from the United
States Geological Survey (USGS). Following is a detailed description of the origin and value of
each input required to run IntroGLLVHT.
Inputs Used
The focus of this thesis is summer and winter water quality in the reservoir behind Baker 1.
Since Patagonia is in the southern hemisphere, summer spans December through February, and
winter spans June through August (roughly). Throughout this analysis, February 15 values
represent summer values, and August 15 values represent winter values. A complete input file
can be found in Appendix A.
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Bathymetry
Topography for the region surrounding the Rio Baker is provided by The National Map Seamless
Server, a web site that provides world-wide geospatial data. Operated by the USGS, The
National Map provides free access to national base layer downloads including places, structures,
transportation, boundaries, hydrography, orthoimagery, land cover, and elevation (USGS, 2008).
Below is an image of the raster file used in this project (see Figure 12).
Northern
Patagonian
Ice Field
Lake Bertrand
(Rio Baker Headwaters)
Tortel
(Rio Baker Mouth)
Figure 12: Raster file for the region surrounding the Rio Baker (USGS, 2008).
The geographic projection of the raster file is from the WGS 1984 Transverse Mercator (USGS,
2008). Given that the Aysen Region is in a remote region of the world, USGS satellites obtain
neither frequent nor fine-resolution data of the region. As such, the raster file used in this
analysis dates to 1984 and has 90-meter resolution. With the exception of 200-meter resolution,
limited-detail maps provided by HidroAysin, this is the only topographical data available for
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this study. Nevertheless, this data is accurate enough for the study since fine-resolution
bathymetry is not necessary to examine large-scale behavior in the reservoir.
The bathymetry of the reservoir was obtained through a series of basic calculations with
Environmental Systems Research Institute's ArcGIS geographic information system software.
The dam height, water level, and topographic values were used to create a bathymetric grid of
the future reservoir behind Baker 1 (see Figure 13).
Detm) Color
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Figure 13: Bathymetric layout for the future reservoir.
The future reservoir is approximately 4.5-km long, 1-km wide, and 80-m deep at its deepest.
In IntroGLLVHT the bathymetric grid can be a maximum of 50 cells long, 50 cells wide, and 30
cells deep. Since each of the grid cells from the USGS topographic data is 33.3 meters long, the
original grid is 135 cells in length. To decrease this number of cells to 50 or fewer, as per the
requirement for IntroGLLVHT, I averaged three consecutive cells of each column to create a
new grid with forty-five 100-meter long cells. For example, cells (2,2), (3,2), and (4,2) from the
original grid were averaged to create cell (2,2) in the grid used in IntroGLLVHT. As compared
to its length, the grid is thirty-six 25-meter cells wide. In sum, the bathymetric grid totals 1620
cells.
After this calculation, I removed the western "arm" of the reservoir from the bathymetric grid.
The purpose of this exercise was to reduce numerical instability in the model. See Appendix B for
details regarding bathymetric grid manipulations and to see the grid used in IntroGLLVHT
calculations.
Inflows
There are three main inflows to the future reservoir behind Baker 1: the Rio Baker, the Rio Nef,
and Estero El Molino (see Figure 14). The Baker, which is fed by Lago General Carrera to the
north, and the Nef, which is fed by the Nef Glacier to the east provide the greatest flow to the
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future reservoir; the Molino is a small stream feeding into the future reservoir that contributes
less than either the Baker or the Nef.
Figure 14: Inflows to the reservoir: Baker, Nef, and Molino (Cochrane, no date).
For the last half decade, Chile's DGA has documented daily flow on the Rio Baker. DGA
gauging stations on the river are located just below Lake Bertrand at the river's headwaters, just
below the Baker's confluence with the Rio Chacabuco, and just below the Baker's confluence
with the Rio Colonia. For IntroGLLVHT inflows, I used the flow values for the Baker just below
Lake Bertrand since this is the location closest to its future input to the reservoir. To calculate a
representative average flow value, I averaged daily flows from 2003 to 2008 (see Table 6). Figure
15 shows that maximum flow on the Baker occurs in February and minimum flow in August.
Table 6: Average flows on the Rio Baker.
Februay
Date Flow (m 3/s)
9-Feb-04 850
16-Feb-05 754
27-Feb-06 684
5-Feb-07 741
27-Feb-08 688
Avg =
Au
Date
15-Aug-03
22-Aug-04
18-Aug-05
27-Aug-06
30-Aug-07
21-Aug-08
Avg =
743
ust
Flow (m31s)
420
506
386
469
283
431
416
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IntroGLLVHT was used to simulate the different seasonal conditions using steady flows
representative of average flows. For model runs, average February/summer flow was estimated
at 743 m3/s and average August/winter flow at 416 m3/s. See Appendix B for a partial table of
daily flow data for the Baker below Lake Bertrand.
200 1
15-Mar-03 27-Jul-04 9-Dec-05 23-Apr-07 4-Sep-08
Date
Figure 15: Daily flow data for the Rio Baker (DGA, 2009).
Publicly-available flow data for Rio Nef and Estero El Molino could not be found. Fortunately,
for IntroGLLVHT to operate, inflows must equal outflows (Edinger, 2001). As such, incoming
flows from the Nef and Molino were calculated to be 541 m3/s in February/summer and 871 m
3/s
in August/winter, the difference between the reservoir outflow (1284 m3/s) and the Baker input
(743 m3/s in February/summer, 416 m3/s in August/winter). See Outflows for a discussion of
reservoir outflow calculations.
IntroGLLVHT requires the x-, y-, and z-location of each input to the water body. According to
construction documents in HidroAysen's EIS (2008), the Baker, the Nef, and Molino enter the
reservoir at approximately the same location, the reservoir's upper northwest corner. These
three inflows enter the reservoir at the water surface. In IntroGLLVHT, this location is
represented as cell (2, 23, 2).
Lastly, IntroGLLVHT requires the specification of inflowing water temperature. Since water
flowing into the reservoir is a mixture of cold lake water and icy glacial melt, it was assumed
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that water in the Baker, Nef, and Molino are cold year round, 6°C in February/summer and 4 oC
in August/winter. HidroAys'n (2008) confirms that these temperatures are reasonable.
Outflows
According to the construction documents in HidroAysin's EIS (2008), the dam creating the
reservoir behind Baker 1 will have two turbines. The "design flow" for these turbines is 927 m3/s,
the "influent average flow" is 642 m3/s, and the "average generated flow" is 630 m 3/s
(HidroAysin, 2008). As such, it is appropriate to use the "influent average flow" in
IntroGLLVHT as it is, on average, the flow of water leaving the reservoir via each turbine.
The construction documents locate the dam intakes at the southeastern edge of the reservoir.
The dam intake is located approximately 250 meters west of the dam. The centerline of the flow
to the intakes is positioned approximately 20 meters below the water surface, that is, 20 meters
above the bottom of the reservoir at the intake location (HidroAysin, 2008). Although their
exact placement is not clear, the intakes appear to be situated fewer than 25 meters apart on the
construction documents. Since the cell width in the y-direction is only 25 meters, it is not
possible to represent two separate intakes. Instead, the flows of both intakes were combined
into one intake with twice the flow. Therefore, in IntroGLLVHT, the outflow from the reservoir
is 1284 m3/s at a location of (30, 23,6).
External Parameters
According to Barnes (1967) hydraulic computations involving flow in open channels require an
evaluation of the bottom friction caused by the channel. Bottom friction in a water body varies
inversely with the Chizy coefficient (Edinger, 2001). Seventy ml/2/s is an appropriate Chizy
coefficient for "low" bottom friction and 17 ml/2/s is an appropriate Chezy coefficient for "high"
bottom friction (Edinger, 2001).
To determine the appropriate Chezy coefficient for the reservoir behind Baker 1, the method in
Barnes (1967) was employed. This method entails selecting a representative, known-roughness
channel to estimate the roughness in the modeled reservoir. Through this method, it is
determined that the best representative Chezy coefficient to use in IntroGLLVHT is 50 ml/2/s.
See Appendix D for a detailed description of the method.
To determine wind shear in each direction across the surface of the water body, IntroGLLVHT
requires the input of wind speeds in the x-direction, Wx, and the y-direction, Wy. Wind
characterization in the Aysin Region is provided by two sources: HidroAysin's EIS (2008) and
the Caracterizaci6n Climatica (Regional Secretariat, 1979). According to Regional Secretariat
(1979), prevailing winds blow west (see Figure 16). As such, wind speed in the y-direction, Wy,
is approximated as zero.
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Figure 16: Wind roses for Aysin Region winds (Regional Secretariat, 1979).
According to HidroAysin (2008) wind speeds are maximum in February/summer and
minimum in August/winter (see Figure 17). Values provided by HidroAysin (2008) (plotted in
Figure 17) show that February/summer wind speed averages 8.5 m/s, and August/winter wind
speed averages 3.5 m/s. As such, in IntroGLLVHT, the February/summer Wx equals 8.5 m/s and
the August/winter Wx equals 3.5 m/s.
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Figure 17: Plot of wind speed (m/s) by month in the Aysin region (HidroAysin, 2008).
As described in Surface Heat Exchange in Chapter 4, IntroGLLVHT requires a user-input
coefficient of surface heat exchange, CSHE, and equilibrium temperature, Teq. Edinger, Brady,
and Geyer (1974) describe a method to derive the CSHE from dew point temperature, Td, water
surface temperature, Ts, and wind speed, Wx. Through this method, a CSHE of 51.3 W/m
2C in
February/summer and 17.8 W/m2C in August/winter was determined. See Appendix E for a
detailed description of my method.
Edinger (2001) lists an equation for determining the Teq from short-wave solar radiation, Hs, the
coefficient of surface heat exchange, CSHE, and the dew point temperature, Td (see Equation 8).
HSH s+T dq CSHE d
Equation 8: Equation for determining the Teq from H,, CSHE, and Ta (Edinger, 2001).
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SpringSummer
Calculations for dew point temperature and CSHE are detailed in Appendix E. Short-wave solar
radiation is a function of cloud cover, date, time of day, and latitude (Carbone, no date). To
calculate short-wave solar radiation, an interactive applet provided by Carbone (no date) was
used (see Figure 18). According to the Regional Secretariat (1979), year-round cloud cover in the
Aysen Region averages six tenths. With this cloud cover, at noon on February 15 and August 15,
at -47.00' latitude (the approximate latitude of the reservoir), I calculated a short-wave solar
radiation of 578 W/m 2in February/summer and 189 W/m 2 in August/winter.
Figure 18: Short-wave radiation in August (top) and February (bottom) (Carbone, no date).
Using the aforementioned values of short-wave radiation, CSHE, and dew point temperature, I
calculated a Teq in February/summer of 18.6 0C and in August/winter of 9.60C.
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IntroGLLVHT also includes an executable file, TEQCSHECOMP.exe, that calculates the CSHE
and Teq using the same parameters in an iterative process. Through this method, I obtained a
CSHE of 53 W/m2C in February/summer and 17.5 W/m2C in August/winter, and a Teq in
February/summer of 15.3 0C and in August/winter of 6.60 C. These values are in close agreement
with those that I calculated by hand. However, since the executable file iterates to find the ideal
value I chose to use the values calculated by TEQCSHECOMP.exe when modeling.
IntroGLLVHT also allows the specification of groundwater inflow to the water body. Since no
groundwater data is available for this study, groundwater inflow is assumed to be zero.
WDQPM Parameters
As described in Table 3 in Chapter 4, the WQDPM model within IntroGLLVHT requires the
input of eleven water quality parameters: dissolved carbonaceous biochemical oxygen demand
(CBOD_D), particulate carbonaceous biochemical oxygen demand (CBODP), dissolved organic
nitrogen (ON_D), particulate organic nitrogen (ON_P), dissolved organic phosphorus (OP_D),
particulate organic phosphorus (OPP), ammonium (NH4_D), nitrate (NO3_D), inorganic
phosphorus (PO4), phytoplankton (PHYT), and dissolved oxygen (DO).
Measured concentrations of dissolved oxygen, ammonium, nitrate, and phytoplankton are
given in HidroAysin (2008). Total carbonaceous oxygen demand (CBOD) is given in
HidroAysein (2008); in WQDPM it is assumed that all CBOD is dissolved. Dissolved organic
nitrogen is not given in HidroAysin (2008), but it can be calculated by subtracting the sum of
ammonium, nitrate, and nitrate concentrations from the total nitrogen concentration, all of
which are given in HidroAysin (2008). Neither particulate nor dissolved phosphorus is given in
HidroAysin (2008); however, it is assumed that particulate phosphorus concentrations were the
same as orthophosphorus concentrations given in HidroAysin (2008), and that particulate
phosphorous concentrations were equivalent to the difference between total phosphrous and
orthophosphorus, which are both given in HidroAysein (2008). Particulate organic nitrogen is
not given in HidroAysen (2008); it is assumed that its value is negligible. See Table 7 for the
values used for each constituent for each season.
In HidroAysen (2008), the concentrations for NH4, N03, PHYT, OP_D, and ON_D are listed
with the value of "below detection limits." For example, the values listed for NH4 are listed as
"< 0.01 mg/L." In practice, these types of values are called "censored values." To use censored
values in calculation, it is standard practice to use a value that is one-half the censored value
given (Nehls and Akland, 1973); this is how the concentrations for NH4, N03, PHYT, OP_D,
and ON D were calculated.
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Table 7: Constituent values used in WQDPM for summer and winter (HidroAysin, 2008).
Constituent Units Summer Winter
CBOD D mg/L 1.210 0.670
CBOD P mg/L 0 0
ON D mg/L 0.100 0.100
ON P mg/L 0 0
OP D mg/L 0.020 0.020
OP P mg/L 0 0
NH4 mg/L 0.005 0.005
NO3 mg/L 0.020 0.020
PO4 mg/L 0 0
PHYT mg/L 0.005 0.005
DO mg/L 9.600 12.100
Simulation Time Conditions
When IntroGLLVHT is run, the user specifies the simulation duration and the maximum time
step. For each model run, the simulation was 72 hours (3 days) long, with a time step of 7
seconds.
Through experimentation with different simulation lengths, ranging from 1 day to half a year, it
was determined that the reservoir reaches steady state after approximately 40 hours. As such,
74 hours is enough time to model steady-state conditions in the reservoir.
The time step is limited by the Torrence condition which states that flow out of a computational
cell must be less than the cell's volume over the computational time step (Edinger, 2001). As
such, the very small time step of 7 seconds was necessary due to high flow in the reservoir.
Sedimentation Inputs
Brune's Method
Step one of Brune's (1953) method is to calculate the capacity-watershed ratio. The capacity of
the studied reservoir is 173 million m3 and it drains a surface area of approximately 16,220 km2
(HidroAysen, 2008). With these numbers, converted into acre-ft and mi2, respectively, the
capacity-watershed ratio of the reservoir is 22.4 acre-ft/mi 2.
Step two of Brune's (1953) method is to calculate the capacity-inflow ratio, which is equal to the
capacity-watershed ratio divided by the annual reservoir inflow. As calculated above, the
capacity-watershed ratio is 22.4 acre-ft/mi 2. As detailed in Chapter 4, the inflow to the reservoir
is assumed to be 1,284 m3/s; this is equivalent to 3280 acre-ft/year. With these values the
capacity-inflow ratio is 0.0043.
The final step in Brune's (1953) method is to use the capacity-inflow value with Figure 11 in
Chapter 4 to estimate the trap efficiency of the reservoir. For a capacity-inflow ratio of 0.0043, the
trap efficiency of the future reservoir behind Baker 1 will be approximately 25%.
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Sediment Loads
With the reservoir trap efficiency calculated, the remaining values necessary for calculating the
yearly percentage loss are the inflow to the reservoir Qin, the suspended sediment concentration
of the inflowing water, Csed, the suspended sediment density, Qsed, the inflowing bed load, IBL,
and the bed load density, QBL.
As stated in Inflows in Chapter 5, average inflow to the reservoir is assumed to be 1284 m3/s.
Suspended sediment concentration and inflowing bed load are given in HidroAysin (2008). The
suspended sediment is assumed to be glacial till with a density of 1.8 m/cm3 . HidroAysen (2008)
states that the average diameter of bed load sediment is between 5 and 19 mm. As such, the bed
load is assumed to be gravel with a density of 2.65 g/cm3 . HidroAysin (2008) reports suspended
sediment load and bed load for both the Baker and the Nef (see Table 8); no sediment values are
listed for the Molino.
Table 8: Suspended sediment and bed load entering the future reservoir (HidroAysn, 2008).
Jan/summer July/winter
CSed, Baker mg/L 1.5 3.9
CSed, Nef mg/L 19.9 89
IBL, Baker kg/day 340 918
IBL, Nef kg/day 204 629
Table 8 lists the average sediment load concentration and average inflowing bed load for each
season. According to HidroAysin (2008), bed load rates are highly variable throughout the year.
For example, the average inflowing bed load in August/winter is 918 kg/day but the standard
deviation of the load is over 1000 kg/day.
Conclusion
Equipped with these various inputs, IntroGLLVHT can conduct the hydrodynamic, transport,
temperature, dissolved oxygen, and eutrophication calculations for the reservoir formed by the
Baker 1 dam. The combination of this model and the aforementioned inputs allows for a
reasonable estimation of potential water quality in the reservoir. Including a sedimentation
assessment with the model provides an even further exploration of the properties of the future
reservoir. Following, Chapter 6 provides the water quality results and an estimate of the yearly
loss of volume from sedimentation.
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Findings
"Something will have gone out of us as a people if we ever let the remaining wilderness be
destroyed...if we pollute the last clear air and dirty the last clean stream and push our paved
roads through the last of the silence, so that never again will [humanity] be free...from the noise,
the exhausts, the stinks of human and automotive waste."
Wallace Stegner, letter to Wildland Research Center, 1960
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Hydrodynamics and Transport
The foremost result delivered by IntroGLLVHT is that of the hydrodynamics and transport in
the reservoir. As described in Chapter 3, reservoir hydrodynamics and transport are a major
determining factor in the behavior of temperature, dissolved oxygen, eutrophication and
sedimentation. Below is a discussion of the hydrodynamics and transport in the reservoir
followed by a discussion of the reservoir water quality parameters.
In the following discussion, the water column located beneath cell (18, 20) on the IntroGLLVHT
bathymetric grid of the reservoir is used to represent the average characteristics in the reservoir
(see Figure 19). Since this water column is located in the middle of the reservoir between the
inflow and intake its characteristics are a good representation of average reservoir water
velocities, temperatures, constituent concentrations and dissolved oxygen levels. Further, the
column is 50-meters deep which is representative of the average reservoir depth. In the
following discussion, "x" indicates east-west and "y" indicates south-north.
Representative cell (18, 20) Dam Intake (30, 23)
Depth m Color
0-20
20 -40
40 -60
60 -80
Figure 19: Location of representative cell (18, 20) and dam intake cell (30, 23).
The hydrodynamics of the reservoir are quite complex. Owing to the highly varied geometry,
including bathymetric variation, shoreline variation, and the presence of islands, fluid transport
throughout the reservoir varies greatly depending on position and depth in the water body.
Additionally, winds acting on the surface of the reservoir create surface currents. Along with
wind-induced currents, strong flow-induced currents are propelled by the reservoir's high
inflow and outflow. For illustration of these currents, Figure 20 displays the vector field of
reservoir surface water velocity
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Figure 20: Velocity vector field of water at the reservoir surface.
Figure 20 shows three clear flow regimes: flow near the inflowing rivers, flow near the dam
intake, and flow moving from the inflow toward the intake. Sensibly, flow velocities are
greatest near the entrance to the reservoir and the exit to the turbines. Between these two points,
flow moves in the overall direction toward the intake from the inflow; however, flow is
somewhat dispersed around the islands in the southwest portion of the reservoir.
Flow throughout the reservoir is turbulent. A calculation of the Reynolds number delivers a
value of 3.3 x 106, a value that is several orders of magnitude larger than the value of 2300 below
which flow is characterized as laminar (see Equation 9) (Warhaft, 1997). As shown in the
Reynolds number calculation, turbulence in the reservoir is due mainly to the large length scale;
however, wind shear and geometric variation also create local turbulence in the system.
1000 kg  (50m 0.1 cm
Re = pDu m3 ( s 7  = 3.3 x 106
1.519x 10-3 kg
s m
Equation 9: Reynolds Number equation (Young, Munson, and Okiishi, 2004)
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where Q is the density of water
D is the characteristic length taken to be the average reservoir depth
u is the average velocity in the reservoir
I is the dynamic viscosity of water.
Due to the complex reservoir geometry, water velocities in the x- and y-direction vary greatly
with position and depth. Representative velocity distribution curves for x- and y-velocity
beneath cell (18, 20) show that both velocity components behave as expected given system
conditions (see Figure 21 and Figure 22). Figure 21 and Figure 22 show that wind shear, bottom
shear, and interflow (as defined in Figure 23) are the main players in reservoir hydrodynamics.
At the surface, wind blowing in the westerly (negative-x) direction serves to decrease inflow-to-
outflow-induced eastward-bound currents. Beneath the influence of the wind, some 5 meters
below the surface, currents flow predominantly eastward toward the dam intake. Although
flow velocities are not zero at the reservoir bottom as they should be under a no-slip boundary
condition, velocity decreases near the reservoir bottom due to the effects of bottom friction.
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Figure 21: X-velocity distribution in the water column beneath cell (18, 20).
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Figure 22: Y-velocity distribution in the water column beneath cell (18, 20) (positive flow to the north).
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Figure 23: Schema of reservoir hydrodynamics (USEPA, 1990).
Figure 22 shows that flow in the y-direction in the water column beneath cell (18, 20) travels
southward. In light of reservoir geometry (see Figure 19), this result is sensible: flow beneath cell
(18, 20) moves southward into the channel which leads to the dam intake.
Wind speed in winter is considerably slower than wind speed in summer, 3.5 m/s as compared
to 8.5 m/s, respectively. As such, surface current velocities differ depending on season. Figure 21
shows that the eastward currents move faster in winter than in summer. This is reasonable
behavior for water in the reservoir: the 8.5 m/s westward-blowing summer wind reduces the
eastward-bound currents more so than does the 3.5 m/s westward-blowing winter wind.eastward-bound currents ore so than does t e 3.5 /s est ar - l i  i ter i .
-55 -
A plot of y-velocity in the water column nearest the dam intake, located at cell (30, 23, 6) (see
Figure 19), further verifies that flow in the reservoir is consistent with reservoir conditions (see
Figure 24). Figure 24 shows that water in the column nearest the intake flows directly toward the
intake, as it should given the 1284 m3/s flow of water to the turbines.
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Figure 24: Y-velocity distribution in the water column beneath cell (30, 23).
Lastly, a plot of surface elevation versus cross-reservoir location shows the influence of the
westward wind upon water circulation (see Figure 25). The water is sloped upward near the
Baker, Nef, and Molino inflows and downward at the dam intake-exactly what is expected for
the wind and flow conditions.
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Figure 25: Surface elevation of the reservoir at J = 17, spanning from I = 3 to I = 26.
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As illustrated by Figure 21, Figure 22, Figure 24, and Figure 25, reservoir hydrodynamics
calculated by IntroGLLVHT are consistent with the bathymetric, favonian, and hydraulic
characteristics of the system.
Water Quality
Before discussing temperature, dissolved oxygen, and eutrophication in the future reservoir
behind Baker 1, the following provides a discussion of hydraulic residence time and its
importance for the studied water quality indicators.
Hydraulic Residence Time
The hydraulic residence time in the future reservoir behind Baker 1, can be calculated using
Equation 6 in Chapter 4:
VRes 173 x 106 m 3  37hr
T R 37 hr
m 3
1284--
S
Equation 10: Hydraulic residence time for the future reservoir behind Baker 1 (USEPA, 1990).
where VRes is the volume of the reservoir (see Chapter 5)
Q is the average flow in the reservoir (see Chapter 5).
Since its hydraulic residence time is only 37 hours, the reservoir can be characterized as a "run-
of-the-river" reservoir (see Figure 26). As a run-of-the-river system, water in the reservoir is
generally not quiescent, that is, reservoir water stills very little in its voyage from the inflow to
the intake. For comparison, a storage reservoir greatly reduces flow rates of water traveling
from inflow to intake. Because the water moves rapidly through the reservoir, its temperature
and dissolved oxygen levels change little during its passage; further, sediment has little time to
settle. Following is a discussion of the importance of a short hydraulic residence in the future
reservoir behind Baker 1.
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Figure 26: Reservoir type as afunction of hydraulic residence time (USEPA, 1990).
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Before proceeding however, it bears mention that the residence time calculation is an estimate
of the average hydraulic residence time only. Any single water molecule, or group of molecules,
can experience a shorter or longer residence time depending on specific factors the molecule or
molecule group encounters. For instance, it is possible that slow-moving water in the northern
"hump" of the reservoir will reside in the reservoir much longer than faster-moving water that
proceeds directly from inflow to intake. The following discussion discusses water quality in the
future reservoir behind Baker 1 based on the calculated average hydraulic residence time. The
reader should bear in mind that what follows is a discussion of predicted average water-body
characteristics and that variation is expected.
Temperature
Figure 27 is a plot of temperature as it varies with depth at the representative water column
beneath cell (18, 20), the same water column explored in Hydrodynamics and Transport. From the
plot, it is clear that temperature variation in the column is essentially absent; both summer and
winter temperatures are constant at approximately 6 'C and 4 'C, respectively, everywhere
below the water surface. Recall, these temperatures are consistent with the inflowing water
temperatures.
Since IntroGLLVHT calculates a constant water temperature throughout the depth, it is unlikely
that the future reservoir behind Baker 1 will be temperature stratified. Without the above
discussion of hydraulic residence time, this result would be rather surprising: commonly large
lakes and reservoirs experience yearly stratification cycles (USEPA, 1990). Nevertheless, since
the flow rate through the reservoir is so high thermal stratification is very unlikely.
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Figure 27: Temperature distribution in the water column beneath cell (18, 20).
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To verify that the high flows do, indeed, prevent thermal stratification, IntroGLLVHT was run
with identical inputs, save for the inflow and outflow which were reduced to 10% of their
original value (i.e. reduced to 128.4 m3/s). Figure 28 and Figure 29 compare the summer
temperature distributions for the original flow values (Figure 28) and reduced flow values
(Figure 29). From these plots, it is clear that temperature stratification in the future reservoir
behind Baker 1 is absent on account of the high flows through the water body.
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Figure 28: Temperaturedistribution in the water columns beneath cells (18, 25), (18, 30), and (18, 36)for
shows absence of thermal stratification.
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Figure 29: Temperature distribution in the water columns beneath cells (18, 25), (18, 30), and (18, 36)for reduced flow rates.
Plot shows strong thermal stratification.
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Eutrophication
WQDPM in IntroGLLVHT predicts that organic phosphorous concentration in the reservoir will
be constant year-round at approximately 0.005 mg/L (see Figure 30). This value, paired with the
hydraulic residence time (as calculated in Hydraulic Residence Time), indicates that the future
reservoir behind Baker 1 will be oligotrophic (see Figure 31).
Figure 30: Phosphorous distribution in the water column beneath cell (18, 20).
Oligotrophic conditions in a reservoir (or lake) indicate that algal cells produced in the water
column are washed out faster than they can grow and accumulate (USEPA, 1990).
Carlson (1977) provides a simple response model for predicting chlorophyll-a concentration as a
function of reservoir phosphorous concentration (see Equation 11).
Chl-a (ppb) = 0.068P1.4
Equation 11: Chlorophyll-a response model by Carlson (1977).
As per Carlson's (1977) formula, chlorophyll-a concentration in the reservoir will average 0.70
ppb in the reservoir.
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Figure 31: Trophic conditions in the future Baker 1 reservoir (USEPA, 1990).
Dissolved Oxygen
The predicted low level of algal activity in the reservoir has implications for dissolved oxygen
levels. As described in WDQPM Parameters in Chapter 5 dissolved oxygen levels depend on
eleven parameters: CBODD, CBOD_P, ON_D, ON_P, OP_D, OP_P, NH4, NO3, PO4, PHYT,
and DO. Since the incoming concentrations of these parameters are low year-round, dissolved
oxygen depression is very slight. Stated otherwise, low rates of oxygen-removing processes in
the reservoir create low rates of dissolved oxygen depression (see Figure 32). Like the
distributions for temperature and phosphorous, the distribution of dissolved oxygen is
approximately constant in the reservoir.
Conclusion
High flows through the water body serve to maintain evenly distributed temperatures,
phosphorous concentrations, and dissolved oxygen levels. Although this discussion focuses on
these three constituents only, it is reasonable to assume that other constituents in the reservoir
would be evenly distributed, as well.
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Figure 32: Dissolved oxygen concentration in the water column beneath cell (18, 20).
Sedimentation
Applying the values of trap efficiency, inflowing bed load, suspended
bed load density, and sediment density from Sedimentation Inputs
sediment deposition and capacity loss results in Table 9.
sediment concentration,
in Chapter 5 gives the
Table 9: Sediment deposition, bed load deposition, and capacity lost per season.
February/
Summer
August/
Winter
Volume Sediment Deposited per Season m3  3.6E+05 1.1 E+06
Volume Bed Load Deposited per Season m3  37.5 106.5
Capacity Lost/Season % 0.2 0.7
With 0.2% capacity loss in summer and 0.7% capacity loss in winter, the reservoir is predicted to
lose total of 0.9% of its capacity each year. With such a small capacity percentage lost each year,
the predicted lifetime of the reservoir system (in terms of sedimentation only) is 111 years. After
about 28 years however, the reservoir will likely have lost 25% of its water storage capacity;
likewise, after 56 years, 50% of its capacity will likely have been lost.
As mentioned in Chapter 5, bed load deposition rates vary greatly throughout the year and from
year to year. Nevertheless, increasing bed load deposition rates to three times their values in
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Table 9 leaves the capacity lost per season essentially unchanged. Suspended sediment load is
the dominant factor in determining reservoir capacity loss per year.
Conclusion
Hydrodynamics and transport in the reservoir serve as the principle factors in determining
reservoir water quality. Since the reservoir is a run-of-the-river water body, water quality in the
reservoir closely matches that of the inflowing water from the Baker, Nef, and Molino. There is
a lack of stratification in the reservoir, and temperature, dissolved oxygen, and phosphorous are
evenly distributed over depth. The fact that the quality of water flowing out of the dam will
closely match that of the inflowing water has huge implications for the aquatic ecosystem. Next,
Chapter 7 discusses these implications.
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Implications of Findings
"We shall never understand the natural environment until we see it as a living organism. Land
can be healthy or sick, fertile or barren, rich or poor, lovingly nurtured or bled white."
Paul Brooks, The Pursuit of Wilderness, 1971
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Introduction
Chapter 3 discusses the main impacts of dams within the context of four different regimes:
hydrologic changes, ecological effects, water quality changes, and morphological changes.
Following is a discussion of each of these regimes as they correspond to the hydrodynamics,
transport, water quality, and sedimentation findings for the future reservoir behind Baker 1 as
detailed in Chapter 6. The bulk of the discussion focuses on water quality and morphological
impacts as these are the focal points of this thesis. For emphasis on the importance of the above-
mentioned changes, provided first is a brief summary of regional ecology in the Rio Baker area.
Ayse'n Ecology
From mountain glaciers to river-braided floodplains, the Rio Baker watershed contains a wide
range of physical habitats. This variety of habitats leads to a wide array of plant communities,
including steppe, shrubland, grassland, forest, and wetland (Strittholt, 2008). This diversity of
habitat supports a wide array of animal species some of which are endemic or endangered, like
the huemeul deer and the southern river otter (CUN, 2008). Because of its remoteness and low
human population, the biology and ecology of the Rio Baker watershed have not been as
thoroughly studied as that of other Chilean regions (Strittholt, 2008). Currently, the flora-and-
fauna story is incomplete yet it is clear that regional ecology will likely be affected by dam
installation. Figure 33 shows areas near the Baker watershed that are designated protection areas
as per the World Database on Protected Areas (WDPA) (2009).
Lago Jeinimene
National Reserve
Figure 33: Protected areas (in red) in and around the Rio Baker watershed (WDPA, 2009).
- 65 -
Hydrologic Changes
McCully (2001) states that the major hydrological impact of dams is to impose on the river an
unnatural pattern of flow variation. As shown in Figure 15 in Chapter 5, flow in the Baker varies
on an annual cycle with greatest flow in summer and lowest flow in winter. Since the turbines
in the future reservoir will both be operated at a constant 642 m3/s, the flow of water below
Baker 1 will be constant year round unlike its original cyclical flow regime; in other words, flow
will be independent of season and natural processes. Clearly this is unlike the original
conditions of the Rio Baker.
Any plant or animal species that relies on the natural wax and wane of river flow will not
experience natural flow variation after dam construction. Eliminating the summer flood that
naturally occurs in the Rio Baker in February (see Figure 15 in Chapter 5) will likely have an
impact on vegetation and sediment deposition (Andrews and Pizzi, 2000). For example,
vegetation would likely encroach into areas that are usually scoured by unregulated summer
floods. Furthermore, creating a low-flow reservoir system from a high-flow riverine system has
implications for species in the watershed. The newly-formed reservoir habitat will likely
encourage populations of slow-water-adapted species and discourage populations of fast-
water-adapted ones.
Ecological Effects
Nutrients carried to sea by a river are often a major source of food for lower-level species (e.g.
plankton) that nourish coastal fish (McCully, 2001). As shown in Table 7 in Chapter 5, water in
the Rio Baker is relatively nutrient- and algae-poor. As shown in Eutrophication in Chapter 6,
water in the future reservoir behind Baker 1 will likely be oligotrophic, that is nutrient and algal
poor, as well. Since the nutrient and algae levels in the outflowing water from Baker 1 will
likely be very similar to the levels originally flowing in the Rio Baker, it is unlikely that coastal
fish will be impacted by nutrient level changes caused by the Baker 1 dam.
Beyond the impact to coastal fish species, there will likely be a host of ecological effects upon
species in the Rio Baker watershed. A discussion of the potential impacts to these species is
beyond the scope of this thesis; however, the reader is referred to Strittholt (2008) for further
reading on potential impacts of dam construction on Baker-watershed ecology.
Water Quality Changes
As detailed in Water Quality Changes in Chapter 3, water in rivers experiences turbulent mixing
and high exposure to the atmosphere, whereas water in a reservoir is usually relatively still
with only its surface exposed to the atmosphere. In the reservoir formed by Baker 1, water will
flow more slowly than it would had Baker 1 never been built; however, Water Quality in Chapter
6 points out that the Patagonian reservoir will likely be a fairly turbulent run-of-the-river
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system. As such, it is predicted that water quality in the future reservoir behind Baker 1 will
closely match water quality of the Baker, Nef, and Molino rivers.
Water Temperature
Figure 27and Figure 28 in Chapter 6 show that IntroGLLVHT predicts that water temperature in
the future reservoir behind Baker 1 will be evenly distributed throughout the water column.
Furthermore, these figures show that reservoir water temperatures will likely match the
temperature of the inflowing water from the Baker, Nef, and Molino. It is emphasized that the
short hydraulic residence time, which is due to the high flow through the reservoir, is
responsible for the lack of thermal stratification. Water that is stilled for such a short period has
scarcely more time to react to radiation than it would had it remained in a riverine situation.
Water temperature is a useful parameter for predicting and assessing impacts to downstream
aquatic habitats (McCully, 2001). Temperature changes can disrupt the lifecycles of aquatic
creatures because certain lifecycle milestones, such as breeding, hatching, and metamorphosing,
are often signaled by thermal cues (McCully, 2001). Since IntroGLLVHT predicts that water
temperatures exiting Baker 1 will likely be very similar to the original river temperatures
(including seasonal variations), aquatic species will likely experience the same thermal cues
they would had the dam not been installed. As such, aquatic lifecycles of Baker species (see
Figure 34 for an example) will likely remain unaffected by temperature regime differences.
Figure 34: Cold-water-adapted rainbow trout in the Baker will likely experience reservoir temperatures that are similar to pre-
dam temperatures (HidroAysen, 2008).
Eutrophication
Water Quality Changes in Chapter 6 shows that it is unlikely that eutrophication will occur in the
future reservoir behind Baker 1. As stated in Water Quality Changes, algal cells produced in an
oligotrophic reservoir are washed out faster than they can grow and accumulate (USEPA, 1990).
The combination of this washout with low IntroGLLVHT-predicted phosphorus levels indicates
that the future reservoir will not likely experience algal bloom/eutrophication. As such, it is
likely that water in the future reservoir behind Baker 1 will remain clear throughout the year.
This prediction assumes that low levels of phosphorus input are maintained throughout the
lifetime of the reservoir. If phosphorus input were to change, so too would trophic conditions in
the reservoir. See Chapter 8 for further discussion.
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Dissolved Oxygen
Both the temperature of the water and the trophic state of the water body are major factors in
determining dissolved oxygen levels in the reservoir. With temperatures and nutrient
concentrations similar to those in the original riverine system, water leaving Baker 1 will have
dissolved oxygen levels that closely match those in the original riverine system (see Figure 32 in
Chapter 6). It is emphasized, again, that the short hydraulic residence time is responsible for the
lack of dissolved oxygen depression; low nutrient loading and essentially unchanged water
temperatures likely negate the possibility of significant dissolved oxygen depression.
Dissolved oxygen levels are a key indication of water quality as they dictate the ability of
organisms to prosper in an aquatic environment (Thornton et al., 1990). With dissolved oxygen
levels that are consistent with the original Baker system, the amount of nutrients in the water
will likely not change, and neither, therefore, would the types and rates of chemical reactions
that occur in the water (McCully, 2001). So, like the implication for water temperature, aquatic
lifecycles are not predicted to be altered by dissolved oxygen levels, nutrient concentrations, or
chemical reactions because these water quality indicators will likely match those of the original
riverine system.
Morphological Changes
Morphological Changes in Chapter 3 describes erosion and sedimentation as two main
morphological implications of a riverine system becoming a lacustrine one. Importantly,
sediment transport and deposition processes in a reservoir greatly influence the ecological
response of the system (Thornton et al., 1990) and the functioning of the dam.
Erosion
According to estimates of trap efficiency in Brune's Method in Chapter 5, the future reservoir
behind Baker 1 will catch 25% of the incoming suspended sediment, and 100% of the incoming
bed load. As such, the water flowing out from Baker 1 will contain only 75% of its original
sediment load and none of its original bed load. In order to recapture its natural load levels, the
water flowing out of Baker 1 will erode the downstream river bed and banks. Therefore, the
riverbed downstream from Baker 1 will eventually become armored with only tough, un-
erodable rock.
In ecological terms, this translates into a loss of bank-habitat. Plant and animal species that rely
on these areas for shelter and nourishment will be displaced as the river-bank habitat
disappears after dam construction. In topographical terms, the river bed will become wider as
the river below Baker 1 erodes the material that it is hungry for. Further, the deltaic area
surrounding the mouth of the Rio Baker (see Figure 35) will become a "hungry coast" (see
Morphological Changes in Chapter 3). Like the deltas of the Nile and the Mississippi, the Rio Baker
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delta too will lose land every year, perhaps, however, at a slower rate than the Nile and
Mississippi because of the Baker 1's low trap efficiency.
Sedimentation
According to McCully (2001), sedimentation remains the single most important technical
problem faced by the dam industry since it leads to capacity loss, water quality alteration, and a
decrease in flood-peak attenuation. Calculations in Sedimentation in Chapter 6 show that the
future reservoir behind Baker 1 will lose less than 1% of its water storage capacity each year.
Therefore, the issues listed by McCully (2001) will likely not occur unless suspended sediment
load and bed load to the reservoir increase substantially.
Rio Baker Delta Rio Baker
Figure 35: Deltaic region at the mouth of the Rio Baker (Google Maps, 2009).
The combination of decreased sediment load and increased erosion downstream from the dam
will likely wear away downstream beaches. Often the shallows of such beaches play an integral
role in the spawning of aquatic life (Andrews and Pizzi, 2000). Populations of any aquatic
species that rely on beaches for spawning will likely be adversely affected.
It is uncertain for what duration of time HidroAysen intends to operate the dam. It is clear,
however, that as time passes during dam operation, it will be necessary to carefully monitor
sedimentation to ensure optimal hydroelectric output, flood-peak attenuation, and downstream
water quality.
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Conclusion
The above discussion indicates that the quality of the water flowing out of the Baker 1 dam will
likely match the original water quality of the riverine system quite closely with respect to
temperature, dissolved oxygen, and eutrophication. This fact alone is a considerable
development since dams are commonly seen as ecologically-ruinous structures. Suspended
sediment load and bed load will be significantly reduced from their original levels- a fact that
has important implications for reservoir operation and downstream communities like Tortel.
Hydroelectric output will not likely be noticeably affected by "sedimenting out" until the later
decades of dam operation. Following, Chapter 8 concludes this thesis with a discussion of
uncertainty, assumptions, and recommendations for future study.
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Conclusions and Recommendations
"...What good heed, nature forms in us! She pardons no mistakes.
Her yea is yea, and her nay, nay."
Ralph Waldo Emerson, Nature, 1849
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Uncertainty
According to McCully (2001) most impacts of river engineering are extremely difficult and often
impossible to predict with certainty; the proposed Rio Baker dam system is no exception. Given
the lack of scientifically-based publicly-available information regarding dam operating schemes,
Aysin ecology, tributary flows, and many other factors (as discussed in Chapter 2) the analysis
provided in this thesis is only one representation of the possible water quality in the future
Baker 1 reservoir. With different assumptions, different results would have followed.
Assumptions
This study assumes that each turbine in Baker 1 will operate at a constant 642 m3/s throughout
the year. Although this assumption is warranted in light of construction documents provided
by HidroAysin (2008), it is unclear what the exact operating scheme of the dam will be. The
assumption of constant outflow from the dam is responsible for the predicted short hydraulic
residence time (see Water Quality in Chapter 6). The short residence time is, in turn, responsible
for the similarity between water quality exiting the reservoir and water quality entering the
reservoir. This fact is indicative of the importance that the length of the residence time plays in
reservoir water quality. A different operating scheme (higher, lower, or variable flows) would
greatly alter water quality and sedimentation.
In the same regime as the constant outflow assumption, this study assumes that inflow to the
reservoir is constant and exactly matches outflow from the dam. This is a requirement for the
operation of IntroGLLVHT. As a run-of-the-river reservoir, this assumption will hold
approximately, but not exactly. As shown in Figure 15 in Chapter 5, flow to the reservoir will not
be constant year-round: it will be highest in February and lowest in August. A more complete
and more accurate assessment of water quality in the future reservoir would take into account
this seasonal variation in inflow.
As described in Chapter 3, the amount and quality of vegetation submerged by the reservoir
greatly influences dissolved oxygen levels and indicates the volume and type of greenhouse gas
emitted (McCully, 2001). In this study, the effect of decaying material at the bottom of the
reservoir is assumed to be negligible. In reality however, it is likely that vegetation beneath the
future reservoir will alter dissolved oxygen levels in and greenhouse gas emission from the
reservoir. Through satellite images and photographs, it is clear that vegetation in the inundation
zone is quite varied. A more complete study would take into account the effect that each
vegetation type and quantity would effect on the aforementioned parameters.
Currently, the Aysin Region is very sparsely populated (see Chapter 1), and this study assumes
that this remains the case for the lifetime of the reservoir. If growth were to occur, however, it is
likely that water quality in the future reservoir would be different from that predicted in this
thesis. According to Rast and Holland (1988), human settlement in a drainage basin, and the
associated clearing of natural forests and founding of human domains, can dramatically change
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a reservoir's natural eutrophication process. Chemical and biological cycles can be disrupted,
and the runoff of materials from the land surface to the reservoir can be greatly accelerated
(Rast and Holland, 1988). Further, human-induced increases in phosphorus and nitrogen
loading to a reservoir can artificially stimulate algal growth to levels that can adversely affect
water quality (see Figure 36) (Rast and Holland, 1988). It is uncertain whether dam installation
and subsequent reservoir formation will encourage enough of a population increase to create
the issues Rast and Holland (1988) describe. Nevertheless, the assumption of a constant
population is an important one in terms of future water quality in the Baker 1 reservoir.
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Figure 36: Man-induced eutrophication of a reservoir (USEPA, 1990).
Limitations
As described above and in
Water Quality Modeling in Chapter 4, IntroGLLVHT is a "simplified learning version" of the
more complete and detailed Generalized Environmental Modeling System for Surfacewaters
(GEMSS) which is commonly used by the USEPA and other international bodies. Because
IntroGLLVHT has been simplified for use by students, its capabilities are not an ideal
representation of naturally varying processes. Paramount in this discussion is the fact that
IntroGLLVHT uses the steady-state assumption; that is wind speeds, surface heat exchange,
and other time-varying processes are assumed to be constant over the entire simulation. As can
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be imagined, almost no process in nature is constant. As such, IntroGLLVHT provides only an
approximation of the water body's response to natural processes. A more accurate prediction of
water quality could be obtained by using GEMSS or a more sophisticated water quality model.
A few of IntroGLLVHT's limitations as compared to the capabilities of GEMSS are shown in
Table 10. For a complete discussion, the reader is referred to Edinger (2001).
Table 10: Partial comparison of IntroGLLVHT to GEMSS (Edinger, 2001)
Property IntroGLLVHT GEMSS Advantages of GEMSS System
Vertical Hydrostatic Relaxed hydrostatic Important for drawdown at outflow structures, mixing devices, and accurate
Momentum Approximation approximation representation of water surfaces in regions of large horizontal velocity changes
Discharge
Momentum None included All three directions Used for proper representation of high velocity discharges
Coriolis
Acceleration Constant latitude Variable with latitude Can analyze large water bodies accurately over large variations in latitude
Surface Heat Time-varying Accurate representation of diumal variations in heat
Exchange CSHE and Teq term-by-term heat budget exchange from hourly or more frequently available data
Wind Constant and Variable through time
Speed uniform over the grid and across the grid Realistic representation of wind events on a water body
Verification against Only qualitatively, few water Almost every project to Has been calibrated to a wide variety of real water bodies; verification performed
actual field data bodies are steady-state which it has been applied against detailed time series velocity records and water quality profiles
For the purpose of this project, IntroGLLVHT was most appropriate; even average values for
processes and constituents were difficult to come by. Given the data limitations, the reservoir
was modeled for two seasons: February/summer and August/winter. A more complete analysis
would take into account seasonal variation of outside influences to the reservoir.
Like the water quality modeling, sedimentation estimates for the future reservoir were limited
by the available data to a series of simple hand calculations. A more complete analysis of
deposition within the reservoir would have been ideal, though dependent upon a detailed
record of suspended sediment and bed loads, amongst a host of other factors.
Suggested Future Study
As indicated in the preceding discussion, the application of a more sophisticated model to the
future Baker 1 reservoir system could better estimate the water quality changes due to a riverine
system morphing into a lacustrine one. Before such an analysis is possible however, it would be
necessary to obtain more accurate and temporally-varied data for the watershed and
surrounding region. Subsequently, two suggestions are made:
1. That a group of scientists conducts a detailed study of the region's hydrology,
meteorology, and land cover, along with Rio Baker water quality
2. That a future researcher apply a more robust model, like GEMSS, to the reservoir
formed by the Baker 1 dam.
The first suggestion would require a large body of resources, both human and monetary; the
second is more feasible assuming that more complete data can be unearthed. Disregarding their
difficulty, both studies would be greatly beneficial contributions to the Rio Baker dam debate.
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As mentioned in Chapter 1, the Baker 1 dam is not a stand-alone project; HidroAysen proposes
to build another dam approximately 30 km downstream from Baker 1. A more complete study
of water quality changes and their effects on the Aysen-region ecology would consider the
coupled influences of the Baker 1 and Baker 2 dams. As such, it is suggested that analyses like
those described in this thesis be repeated for the combined two-dam system.
Chapter 7 touches upon the potential impacts that water quality differences caused by Baker 1
and its associated reservoir will have upon watershed ecology. In summary, the separation of
the Rio Baker from its floodplain, the change of the riverine system into a lacustrine one, the
separation of downstream and upstream communities, and the cutting-off of species migration
will likely affect population levels and species diversity in the Rio Baker watershed. Given the
presence of endemic species in the watershed (see Chapter 7), it is suggested that studies of
impacts to specific animals be conducted.
Conclusion
Through sedimentation calculations and IntroGLLVHT modeling, this thesis provides a
fundamental and straightforward analysis of the Baker 1 dam-and-reservoir system. Shown in
the later chapters, hydrodynamic and transport analysis suggests that water quality
downstream of the Baker 1 dam will be similar to that of the un-dammed Rio Baker. Conversely,
sedimentation calculations suggest that upstream sediment deposition and downstream
riverbed erosion are likely. With these changes to the system, impacts to plant and animal
species in the area are sure to follow. Even more broadly, citizens in the sparsely populated area
surrounding the Rio Baker will be impacted as well.
Within and beyond Chile, a heated debate surrounds the proposed HidroAysin reservoir
system. Analysis, whether socially-, economically-, politically-, or environmentally-based,
surely fuels both opposed and supportive parties. Beyond the specifics of this project however,
is the issue of humanity's attitude toward its natural resources. As society gains insight into the
environmental consequences of its actions, debates like the one surrounding the proposed
HidroAyse'n reservoir system are sure to increase in frequency and number. With respect to
these debates, it is paramount that we learn from the controversies of today to gain insight into
the optimal solutions to the debates of tomorrow. Whether or not the Rio Baker project proceeds,
it is certain that reverberations of the project outcome will be felt throughout the environmental
realm.
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Appendix A
Input file used with the temperature, salinity, and constituent (TSC) model portion of
IntroGLLVHT. Parameters below are for the January conditions. Assumed initial stratification
in reservoir in $5: Initialize Water Quality Profiles.
Bakerl Jan TSC V7a
$1.nwqm 1
$2.Inflow Conditions
$ninflows 1
$qinflow,iinflow,jinflow,kinflow
$intake,inintake,jintake,kintake
$temp saln const
1284.0 2 23 2
0 0 0 0
6.0 0 0.00
$3. Outflow Conditions
$noutflows 1
$qoutflow,ioutflow,joutflow,koutflow
1284.0 30 23 6
$4.Elevation Boundary Conditions
$nelevation kts 0 2
$iewest,ieeast,jesouth, jenorth
$zmean,zamp,tmelag,tideper
$k temp saln const
$5.Initialize Water Quality Profiles
$ninitial 1
$k temp saln const
2 15.0 0.00 0.00
3 15.0 0.00 0.00
4 12.0 0.00 0.00
5 10.0 0.00 0.00
6 8.00 0.00 0.00
7 6.00 0.00 0.00
8 4.00 0.00 0.00
9 4.00 0.00 0.00
10 4.00 0.00 0.00
11 4.00 0.00 0.00
12 4.00 0.00 0.00
13 4.00 0.00 0.00
14 4.00 0.00 0.00
15 4.00 0.00 0.00
16 4.00 0.00 0.00
17 4.00 0.00 0.00
18 4.00 0.00 0.00
19 4.00 0.00 0.00
20 4.00 0.00 0.00
21 4.00 0.00 0.00
22 4.00 0.00 0.00
23 4.00 0.00 0.00
24 4.00 0.00 0.00
25 4.00 0.00 0.00
26 4.00 0.00 0.00
27 4.00 0.00 0.00
28 4.00 0.00 0.00
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$6.External Parameters
Chezy, Wx,Wy,CSHE, TEQ, Rdecay, Lat.
50.00 -8.50 0.00 53 15.3
$7.Output Profiles
$nprofiles 5
$ipwest,ipest,jpsouth,jpnorth
$u-vel, v-vel, w-vel
$nconstituents
$I-const(1),I-const(2), I-const(3), etc
6 6 2 26
1 0 0
1
1
0.00 -47.15
$8.Output Surfaces
$nsurfaces $nconstituents 2
$U-vel V-vel 1.000000 1.000000
$I-const(1), I-const(2), I-const(3), etc.
1
$9.Output Time Series
$ntimser 0
$nconst, iconst, jconst,kconst
$10.Simulation time conditions
$dtm tmend 7.00 73.000
$tmeout tmeserout 24.0000E+00 0
$11.Internal Boundary Locations
$nintbnd 0
$ibwest,ibeast,jbsouth,jbnorth,ktop,kbottom
$12. Constituent Averages
$nconarv 0
$nconstarvs
$13. Groundwater Inflow
$ngrndwtr 0
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Table 11: Original bathymetric grid as per USGS measuremnents.
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0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 4 0
0 0 2 12 0 0 22 61 58
16 38 27 42 7 17 62 79 79
47 50 50 50 29 64 79 49 42
43 39 50 50 50 64 67 28 25
13 0 43 45 48 68 30 19 18
0 0 1 11 30 50 24 0 0
0 0 0 0 4 4 1 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0000000000
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Table 13: Bathymetric grid used in all IntroGLLVHT calculations.
Baker _V5
38 IM
36 JM
30 KM
100.0000 DX
25.00000 DY
4.000000 DZ
2 3 4 5 6 7
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 4.0 4.0 4.0
5.0 4.0 4.0 86.0 15.0 12.0
12.0 21.0 24.0 34.0 33.0 30.0
30.0 31.0 31.0 30.0 39.0 39.0
10.0 30.0 13.0 12.0 35.0 38.0
4.0 21.0 4.0 7.0 14.0 24.0
0.0 3.0 4.0 6.0 13.0 20.0
0.0 0.0 4.0 12.0 14.0 18.0
0.0 0.0 4.0 16.0 18.0 13.0
0.0 4.0 13.0 21.0 23.0 13.0
0.0 4.0 20.0 27.0 27.0 20.0
0.0 4.0 15.0 22.0 28.0 31.0
0.0 4.0 11.0 17.0 40.0 39.0
0.0 0.0 4.0 12.0 43.0 43.0
0.0 0.0 2.0 16.0 43.0 43.0
0.0 0.0 2.0 27.0 43.0 37.0
0.0 0.0 4.0 36.0 43.0 30.0
0.0 0.0 7.0 39.0 43.0 27.0
0.0 0.0 3.0 38.0 43.0 28.0
0.0 0.0 2.0 31.0 43.0 43.0
0.0 0.0 1.0 23.0 43.0 36.0
0.0 0.0 1.0 20.0 40.0 15.0
0.0 0.0 1.0 24.0 28.0 4.0
0.0 0.0 2.0 24.0 13.0 4.0
0.0 0.0 5.0 15.0 4.0 0.0
-999 geomdelim
9 10 11 12 13
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 4.0
0.0 0.0 0.0 2.0 9.0
1.0 0.0 0.0 7.0 13.0
4.0 0.0 0.0 20.0 28.0
4.0 0.0 5.0 37.0 46.0
2.0 2.0 33.0 48.0 49.0
2.0 10.0 44.0 49.0 49.0
4.0 26.0 49.0 32.0 39.0
12.0 41.0 49.0 23.0 24.0
28.0 46.0 39.0 24.0 16.0
38.0 42.0 29.0 22.0 12.0
33.0 42.0 26.0 15.0 5.0
23.0 42.0 22.0 8.0 0.0
11.0 42.0 28.0 7.0 0.0
14.0 46.0 27.0 7.0 6.0
42.0 49.0 23.0 10.0 22.0
42.0 36.0 16.0 12.0 12.0
49.0 16.0 5.0 8.0 4.0
30.0 9.0 4.0 0.0 0.0
23.0 5.0 0.0 0.0 0.0
10.0 4.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
14 15 16 17
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 4.0 4.0 4.0
0.0 68.0 6.0 18.0
4.0 9.0 13.0 22.0
12.0 12.0 20.0 25.0
16.0 18.0 22.0 32.0
12.0 21.0 24.0 38.0
11.0 24.0 28.0 38.0
8.0 31.0 37.0 39.0
19.0 35.0 40.0 39.0
28.0 41.0 46.0 49.0
40.0 46.0 49.0 49.0
49.0 49.0 49.0 49.0
49.0 49.0 49.0 49.0
49.0 49.0 49.0 49.0
49.0 49.0 49.0 48.0
32.0 49.0 49.0 43.0
20.0 43.0 49.0 37.0
19.0 32.0 49.0 33.0
16.0 22.0 34.0 24.0
11.0 20.0 22.0 24.0
14.0 23.0 22.0 30.0
21.0 23.0 26.0 22.0
23.0 9.0 4.0 4.0
13.0 9.0 0.0 0.0
5.0 3.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
18 19 20 21 22
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0 0.0
10.0 4.0 0.0 0.0 0.0
22.0 7.0 4.0 0.0 0.0
29.0 10.0 4.0 0.0 0.0
37.0 16.0 4.0 0.0 0.0
40.0 22.0 4.0 0.0 0.0
41.0 23.0 4.0 0.0 0.0
40.0 23.0 4.0 0.0 0.0
40.0 23.0 4.0 0.0 0.0
41.0 15.0 4.0 0.0 0.0
44.0 10.0 4.0 0.0 0.0
45.0 12.0 4.0 0.0 4.0
48.0 13.0 4.0 4.0 10.0
49.0 18.0 4.0 15.0 21.0
49.0 18.0 10.0 43.0 34.0
43.0 14.0 12.0 43.0 42.0
35.0 24.0 44.0 49.0 49.0
43.0 49.0 49.0 49.0 49.0
49.0 49.0 49.0 49.0 49.0
49.0 49.0 44.0 35.0 49.0
49.0 47.0 10.0 10.0 15.0
38.0 10.0 4.0 4.0 4.0
12.0 4.0 0.0 0.0 0.0
4.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 f0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
24 25 26 27
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 4.0
0.0 0.0 4.0 10.0
0.0 10.0 10.0 30.0
4.0 30.0 47.0 49.0
8.0 43.0 44.0 36.0
12.0 49.0 24.0 10.0
22.0 49.0 10.0 4.0
30.0 42.0 4.0 0.0
41.0 34.0 4.0 0.0
28.0 18.0 4.0 0.0
44.0 10.0 4.0 0.0
22.0 4.0 0.0 0.0
4.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
28 29 30 31 32 33 34
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
4.0 4.0 10.0 4.0 12.0 4.0 12.0
10.0 16.0 38.0 27.0 42.0 7.0 17.0
34.0 47.0 50.0 50.0 50.0 29.0 64.0
49.0 43.0 40.0 50.0 50.0 50.0 64.0
40.0 13.0 40.0 43.0 45.0 48.0 68.0
10.0 4.0 0.0 1.0 11.0 30.0 50.0
4.0 0.0 0.0 0.0 0.0 5.0 5.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Appendix C
Table 14: Average dailyflow data for the Rio Baker below Lake Bertrand (DGA, 2009).
Date Average DailyDate
Flow (m3/s)
15-Mar-03
16-Mar-03
17-Mar-03
18-Mar-03
19-Mar-03
20-Mar-03
21-Mar-03
22-Mar-03
23-Mar-03
24-Mar-03
25-Mar-03
26-Mar-03
27-Mar-03
28-Mar-03
29-Mar-03
30-Mar-03
31-Mar-03
1-Apr-03
2-Apr-03
3-Apr-03
4-Apr-03
5-Apr-03
6-Apr-03
7-Apr-03
8-Apr-03
9-Apr-03
10-Apr-03
11-Apr-03
12-Apr-03
13-Apr-03
14-Apr-03
15-Apr-03
16-Apr-03
17-Apr-03
18-Apr-03
19-Apr-03
20-Apr-03
21-Apr-03
22-Apr-03
23-Ap r-03
24-Apr-03
25-Apr-03
26-Apr-03
27-Apr-03
28-Apr-03
29-Apr-03
30-Apr-03
1-May-03
2-May-03
800.045
796.013
785.47
783.644
781.823
776.364
773.826
792.497
802.92
804.755
802.918
797.986
794.181
792.209
789.193
784.628
778.183
772.306
764.643
758.068
748.956
745.084
736.39
726.352
724.707
715.808
711.848
707.617
702.448
696.204
695.932
694.44
691.19
680.116
673.245
666.944
669.224
669.356
660.114
653.839
644.413
635.64
630.273
608.655
607.088
600.434
592.876
590.409
Date Average DailyDate
Flow (m31s)
3-May-03
4-May-03
5-May-03
6-May-03
7-May-03
8-May-03
9-May-03
10-May-03
11-May-03
12-May-03
13-May-03
14-May-03
15-May-03
16-May-03
17-May-03
..18-May-03
19-May-03
20-May-03
21-May-03
22-May-03
23-May-03
24-May-03
25-May-03
26-May-03
27-May-03
28-May-03
29-May-03
30-May-03
31-May-03
1-Jun-03
2-Jun-03
3-Jun-03
4-Jun-03
5-Jun-03
6-Jun-03
7-Jun-03
8-Jun-03
9-Jun-03
10-Jun-03
11-Jun-03
12-Jun-03
13-Jun-03
14-Jun-03
15-Jun-03
16-Jun-03
17-Jun-03
18-Jun-03
19-Jun-03
20-Jun-03
21-Jun-03
592.752
598.085
598.867
589.375
583.282
587.039
589.761
584.318
576.556
572.176
567.028
560.992
552.679
544.006
538.8
538.165
533.722
530.939
526.478
522.358
519.209
516.565
526.776
520.593
520.954
520.845
530.707
560.593
558.56
566.512
561.631
557.28
568.443
575.138
566.512
553.7
549.097
549.355
546.551
548.335
544.516
542.992
540.323
539.017
538.038
536.007
543.258
571.311
570.502
570.117
Date Average DailyDate
Flow (m31s)
22-Jun-03
23-Jun-03
24-Jun-03
25-Jun-03
26-Jun-03
27-Jun-03
28-Jun-03
29-Jun-03
30-Jun-03
1-Jul-03
2-Jul-03
3-Jul-03
4-Jul-03
5-Jul-03
6-Jul-03
7-Jul-03
8-Jul-03
9-Jul-03
10-Jul-03
11-Jul-03
12-Jul-03
13-Jul-03
14-Jul-03
15-Jul-03
16-Jul-03
17-Jul-03
18-Jul-03
19-Jul-03
20-Jul-03
21-Jul-03
22-Jul-03
23-Jul-03
24-Jul-03
25-Jul-03
26-Jul-03
27-Jul-03
28-Jul-03
29-Jul-03
30-Jul-03
31-Jul-03
1-Aug-03
2-Aug-03
3-Aug-03
4-Aug-03
5-Aug-03
6-Aug-03
7-Aug-03
8-Aug-03
9-Aug-03
10-Aug-03
578.675
570.428
563.944
559.273
556.769
550.887
546.296
546.804
541.974
535.88
529.423
527.025
524.9891
520.09
516.438
517.572-
513.806
506.164
499.544
496.806
498.298
497.925
493.076
482.906
477.964
479.446
473.889
475.371
468.972
463.329
457.819
453.669
449.041
445.024
445.267
445.388
442.594
440.897
440.413
441.017
436.181
432.675
431.949
434.126
432.191
429.532
427.004
420.76
421.24
429.298
Average Daily
Flow (m3Is)
11-Aug-03
12-Aug-03
13-Aug-03
14-Aug-03
15-Aug-03
16-Aug-03
17-Aug-03
18-Aug-03
19-Aug-03
20-Aug-03
21-Aug-03
22-Aug-03
23-Aug-03
24-Aug-03
25-Aug-03
26-Aug-03
27-Aug-03
28-Aug-03
29-Aug-03
30-Aug-03
31-Aug-03
1-Sep-03
2-Sep-03
3-Sep-03
4-Sep-03
5-Sep-03
6-Sep-03
7-Sep-03
8-Sep-03
9-Sep-03
10-Sep-03
11-Sep-03
12-Sep-03
13-Sep-03
14-Sep-03
15-Sep-03
16-Sep-03
17-Sep-03
18-Sep-03
19-Sep-03
20-Sep-03
21-Sep-03
22-Sep-03
23-Sep-03
24-Sep-03
25-Sep-03
26-Sep-03
27-Sep-03
28-Sep-03
29-Sep-03
431.224
427.124
422.801
420.76
420.16
432.681
483.795
487.604
491.333
497.428
493.323
486.117
485.129
487.108
484.636
483.522
485.748
484.264
480.558
476.729
474.505
472.533
474.26
478.828
481.175
484.305
485.5
483.028
478.458
476.852
480.805
478.458
477.593
475.246
473.766
469.461
468.112
465.659
461.283
456.714
454.086
451.476
448.675
445.996
440.897
440.655
442.714
438.72
433.763
441.879
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Appendix D
Figure 37: Representative image for Rio Baker.
Figure 38: Chosen equivalent image (Chattahoochee River near Leaf, GA.) for using the U.S. Geological Survey method, with a
Manning's n = 0.051 (USGS, 2009).
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1C 1.486R
6
n
Equation 12: Chjzy coeffcient, C, as afunction of, Manning's coeffcient, n, and hydraulic radius, R (Barnes, 1967).
Figure 39: Representative cross section for the reservoir (HidroAysin, 2008).
From scaled measurement of the cross section in Figure 39, which has a 1:1000 scale, I
determined that the hydraulic radius (R = Cross-sectional Area/Wetted Perimeter) of the
reservoir is approximately 7.8 m.
Application of Equation 12 with the above values for R and n results in a C of 50 m
1/2/s.
Using a value of 50 mm1 2/s for the Chizy coefficient is only a representative value for this
reservoir. The hydraulic radius and roughness characteristics of the water body vary
throughout the body and therefore so does the Chdzy coefficient.
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Appendix E
Calculating the CSHE requires the use of the ambient water temperature, Tm,
speed, Wx in combination with Table 15.
and the wind
Table 15: CSHE as a function of Wx and Tm (Edinger, Brady, and Geyer 1974).
Ambient Water
Tem p (OC)
10
15
20
25
30
35
Wind Speed (m/s)
1.5 2
The ambient water temperature can be determined from the dew point temperature,
surface water temperature, Ts, via Equation 13. Due to the high volume of glacial
from the Nef Glacier, river water entering the future reservoir is assumed to be
approximately 6 'C in February/summer and 4 'C in August/winter.
Td, and the
melt water
quite cold,
Td +T
2
Equation 13: Tm as afunction of Td and Ts (Edinger, 2001).
Dew point temperature is not available through any of the aforementioned sources; however,
dew point temperature, air temperature, and relative humidity are related through the Magnus-
Tetens approximation (which is provided as an interactive applet by (McNoldy, 2008).
According to HidroAysen (2008), the average relative humidity and air temperature in
February/summer is 60% and 15'C, respectively, and the average relative humidity and air
temperature in August/winter is 80% and 2°C, respectively. These two values indicate a dew
point temperature of 7.3°C in February/summer, and -1°C in August/winter. These dew point
temperatures can be combined with the surface water temperatures to calculate the ambient
water temperature. By using Equation 13 and the aforementioned values, I obtained a Tm in
February/summer of 9.40 C and in August/winter of 2.90 C.
Finally, Tm and Wx can be combined to approximate the CSHE via Table 15. Through my
calculations, I obtained a CSHE in February/summer of 51.3 K/Wm2C and in August/winter of
17.8 W/m2 C.
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In Memory
Yoani, a mi eres el espiritu de la
Patagonia y es a ti que dediqo este obra.
Seras seguro que vives en mi coraz6n y, por
supuesto, en &1 de muchos otros. Vamos a
trabajar para que HidroAysin no gane, nunca.
Es en tu memoria que trabajamos para esto.
Te vera en el otro lado.
El iiltimo beso,
Gianna
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